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Sommario 
La tesi tratta delle due principali aree di applicazione a bordo di veicoli 
di batterie ricaricabili: le batterie cosiddette di avviamento (o starting-
lighting-ignition - SLI) e quelle per la propulsione elettrica e ibrida, 
concentrandosi sulle tecnologie connesse con l’utilizzo del al litio. 
Una prima attività proposta riguarda uno studio di fattibilità su batterie 
litio-SLI in cui è stata valutata l’adattabilità delle diverse tipologie di 
batterie al litio per le applicazioni SLI. Da questo studio è emerso che le 
tipologie più adatte per l’applicazione considerata sono le batterie al litio a 
fosfato di ferro e a base di titanato. I vantaggi connessi con l’utilizzo di tale 
tecnologia, in confronto con le attuali soluzioni basate su batterie al piombo, 
sono la maggior durata di vita che di fatto non ne rende necessaria la 
sostituzione durante la vita del veicolo; e il loro peso inferiore a parità di 
energia accumulata con conseguente riduzione dei consumi. Lo studio ha 
mostrato che in caso di utilizzo in larga scala di questa soluzione i benefici 
sovracompensano i maggiori costi di primo acquisto.  
In questo lavoro è stato inoltre sviluppato un accurato modello di 
accumulatore al litio espresso intermini di rete elettrica equivalente, in cui si 
considera fra l’altro dipendenza dei parametri elettrici della batteria dalla 
temperatura. E’ stata definita una procedura di identificazione sperimentale 
dei parametri del modello. Il modello tiene in adeguato conto la variazione 
della capacità erogabile con la corrente di scarica e la temperatura. 
Il modello è stato successivamente confrontato con dati ricavati in 
laboratorio nel corso delle attività del dottorato affinarne la rispondenza alle 
risultanze sperimentali. E’ stata determinata sperimentalmente la curva di 
correlazione fra la tensione di circuito aperto e lo stato di carica delle 
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-xi- 
batterie (SOC), utilizzata per correggere periodicamente la stima del SOC 
(cioè lo Stato di Carica o State-Of.Charge) a bordo del veicolo. Per superare 
le difficoltà associate con la stima della carica delle batterie LFP tramite la 
curva di correlazione OCV-SOC, il modello è stato anche utilizzato insieme 
ad un filtro di Kalman Esteso per stimare la SOC durante il funzionamento, 
con risultati soddisfacenti. L'efficacia del modello è stata verificata mediante 
un gran numero di prove sperimentali effettuate sulle batterie al litio di tipo 
NMC e LFP. Questo modello verrà utilizzato per la progettazione del 
sistema di accumulato di energia per degli autobus a propulsione ibrida che 
verranno realizzati da Volvo e Iveco nell’ambito del progetto europeo HCV, 
a cui si è partecipato nel corso del dottorato. Il modello è stato adottato 
anche dalla Mathworks e integrato nel toolbox Simscape, e sarà incluso 
nella versione 2012 di Matlab. 
Le batterie al Litio sono il cuore anche di un autobus ibrido in corso di 
realizzazione presso BredaMenariniBus, al quale si è partecipato nel corso 
del dottorato con la realizzazione di simulatori del funzionamento, e il 
dimensionamento di vari componenti il power train, fra cui il sistema di 
accumulo al litio con celle di tipo NMC. I risultati delle simulazioni 
effettuate indicano, con il dimensionamento proposto, una riduzione di circa 
il 25% del consumo di carburante, in linea con le attese per i veicoli ibridi di 
uso urbano. 
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Abstract 
Batteries are used on-board vehicles for broadly two applications – 
starting-lighting-ignition (SLI) and vehicle traction. This thesis examines 
the suitability of the rechargeable lithium battery for both these applications, 
and develops algorithms for runtime prediction of the remaining battery 
charge. 
The largest market-share of rechargeable batteries is for the SLI 
application. Lead-acid batteries rule this market presently, although a 
handful of lithium SLI batteries have recently appeared on the market. The 
practicality of different lithium battery chemistries has been evaluated for 
this application over wide-ranging criteria and it has been found that the 
batteries based on lithium iron phosphate and lithium titanate oxide 
chemistries commercially available in the market are the most suitable. 
Lithium SLI batteries would require a higher initial cost and additional 
electronic hardware in the form of battery management and thermal 
management systems, but would last the life-time of the vehicle. In fact, 
with the decrease in the cost of lithium SLI batteries with higher volumes, 
over the life-time of the vehicle, the total costs of the existing lead-acid 
battery and the lithium battery would be about the same. 
The electric traction application is probably the most demanding of all 
battery applications and imposes the harshest requirements on the battery 
cells and the battery management system. Algorithms to manage the battery 
cells for consumer power electronics, for example, do not perform 
satisfactorily for the electric traction application. This thesis presents 
algorithms to accurately determine the remaining charge of a lithium battery 
cell during runtime on-board the vehicle. The algorithm changes slightly 
depending upon the type of lithium chemistry and could be used in 
Abstract 
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conjunction with different power management strategies on a vehicle with 
electric traction — whether a pure electric vehicle, hybrid electric vehicle 
(HEV) or a plug-in hybrid electric vehicle. An accurate estimate of battery 
charge is important for the battery management system; allows the battery 
pack to be used more efficiently, reliably and safely; and also provides a 
reasonably accurate estimate of the remaining distance that could be 
travelled to the driver. It also prevents over-charging or over-discharging the 
battery, which are detrimental to its life, and provides an indication when 
the battery would need to be replaced. 
The central contribution of this thesis is in developing an algorithm 
based on an electrical equivalent circuit model of a rechargeable lithium cell 
that includes thermal dependence, is accurate, yet simple enough to require 
low on-board processing capacity. The algorithm has been validated through 
extensive experimental tests for the lithium nickel-manganese-cobalt and the 
lithium iron phosphate chemistries at the University of Pisa labs. The 
algorithm was also successfully implemented using an adaptive state 
estimator (extended Kalman filter) for overcoming the difficulties imposed 
by the lithium iron phosphate chemistry. The algorithm was also developed 
into a model in collaboration with Mathworks for their toolbox and shall be 
commercially launched later this year. The model algorithm also forms the 
core of the battery management algorithm for the European Union’s Hybrid 
Commercial Vehicle (HCV) Project for future HEV trucks and buses by 
Volvo, Iveco, Daf and Solaris.  
The model was also used (as part of a battery model) for hybridizing the 
power-train of passenger buses for Bredamenarinibus (an Italian bus 
manufacturer) through modelling and simulation. The conventional power 
trains of three different buses representing different market segments were 
hybridised using a series-hybrid electric architecture and simulated with 
different power management strategies over different types of duty cycles, 
including real-life duty cycles provided by the manufacturer. Even with the 
increased weight of the hybrid buses (due to additional batteries and 
electrical equipment) the simulation predicts fuel savings between 22 to 
25% depending upon the power management strategy for the hybrid buses. 
The prototypes of these series-hybrid buses are under production and would 
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be tested in different Italian cities this year, before entering commercial 
production. 
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Chapter 1: Introduction 
hemical storage of electricity has come a long way from the famous 
discovery of Volta in 1800 that led to the invention of the first 
voltaic cell, better known as the battery. In 1859, the French 
physicist, Gaston Planté, invented the first rechargeable battery based on the 
lead-acid chemistry, a system that is still widely in use today.  
The first electric carriage, first electric boat and the first electric 
locomotive were all powered by batteries. Between 1832 and 1839, the first 
electric carriage was made by Robert Anderson of Scotland that was 
powered by primary electric cells. The first electric boat was demonstrated 
in 1839 by a German engineer, Moritz von Jacobi, in St. Petersburg, Russia. 
In 1842, Robert Davidson, a Scottish inventor, used zinc-acid batteries to 
propel the first electric locomotive, Galvani, over the Edinburgh-Glasgow 
rail line. The first rechargeable electric car appeared in 1881. The only 
electrical equipment on-board the first internal combustion engine (ICE) 
powered road vehicles were primary dry cells or ‘magneto ignition’ for ICE 
ignition. Storage batteries were used only on luxury cars for lighting. The 
invention of the electric self-starter for gasoline vehicles in 1911 and its 
massive commercial application starting with the 1912 Cadillac [1] marked 
the start of the widespread starter application of lead-acid rechargeable 
batteries on-board road vehicles. In the 1960s, the battery voltage was 
doubled to 12V, a technical concept that has remained unchanged till the 
present day [2].  
The first non-rechargeable lithium batteries were commercially 
introduced in the early 1970s by Panasonic. Attempts made to develop 
rechargeable lithium (metal) batteries in the 1980s failed due to safety 
concerns. Owing to the inherent instability of lithium metal, especially 
C
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during charging, the focus of research shifted to developing a non-metallic 
lithium-ion battery instead. In 1991, the Sony Corporation commercialized 
the first lithium-ion battery (Li-ion). 
Amongst the rechargeable energy storage systems (RESS), batteries are 
an important component. Newer requirements for lighter and more powerful 
RESS have driven the development of lithium ion based batteries rapidly 
over the last few years. Rechargeable lithium batteries are superior to all 
other secondary battery technologies with their high energy and power 
density, wide temperature range, long cycle and calendar life, lower self-
discharge, fast charging rate and absence of the so-called memory effect. 
They have, therefore, become the de-facto standard in consumer electronics 
and are being increasingly considered for use on-board electric vehicles 
(hybrid-electric vehicles (HEV), plug-in HEV and electric vehicles (EV)) 
today. There are two main applications of batteries in vehicles: 
• starter or starting-lighting-ignition (SLI); 
• traction 
Widespread adoption of lithium-based battery energy storage systems 
(BESS) on-board vehicles has led to a requirement for: 
• battery monitoring tools to reliably indicate the state of the battery 
during operation and to predict its remaining capacity and life;  
• battery models for simulation 
This thesis examines issues related to the use of lithium-based RESS for 
vehicular applications. Chapter 2 gives an overview of the various lithium 
cell chemistries. Then the thesis examines the feasibility of using lithium-
based batteries for SLI applications (Chapter 3). A general electrical 
equivalent circuit model for the electrochemical lithium cell is then 
presented (Chapter 4) followed by a description of the concepts of state-of-
charge (SOC) and state-of-health (SOH) (Chapter 5). The lithium cell model 
presented uses an experimental process for parameter-estimation to help 
predict its behaviour. This is validated in Chapter 6. Chapter 7 presents an 
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effort to create a cell model block in MATLAB SimscapeTM. These models 
are capable of precise prediction of the SOC of the lithium-cell as a function 
of the cell temperature and rate of charging or discharging. Chapter 8 
examines the difficulty in using the common methods of estimating the SOC 
and SOH on-board a vehicle for the lithium iron phosphate chemistry and 
presents the extended Kalman filter approach to solve these problems in 
Chapter 9. Chapter 10 presents an effort to hybridise the power-train of a 
passenger bus, along-with a realistic simulation of the possible fuel savings. 
The conclusions are presented in Chapter 11. 
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Chapter 2: The lithium-ion 
battery 
ore than 50% of the secondary batteries used worldwide are 
lead-acid. Lead-acid batteries have a number of advantages. 
They are low-cost, robust, abuse-resistant, have a high tolerance 
to over-charging and have an in-built self-balancing mechanism. Their low 
internal impedance allows them to deliver very high currents; are amenable 
to ‘float-charging’ and ‘trickle-charging’ and can be stored indefinitely 
without the electrolyte. They also have an established recycling procedure. 
However, they have some major drawbacks — they are heavy and bulky, 
unsuitable for fast charging, have a short deep cycle life, have a higher self-
discharge at higher temperatures and are susceptible to ‘sulphation’ under 
low SOC or low electrolyte conditions, which damages them permanently. 
They also have a risk of leakage of the toxic chemicals.  
In spite of the overwhelming presence of lead-acid batteries, the 
requirement for smaller, lighter and deep cycle life rechargeable batteries 
has grown significantly in the present century. Nickel‐cadmium (NiCad) 
batteries can meet deep cycling needs. They are also lighter and smaller than 
lead-acid batteries, but require periodic maintenance and also exhibit a 
memory effect that results in a reduced usable capacity with time. They 
were widely adopted for portable electronics like cameras and other portable 
devices, but of late their use has considerably reduced due to environmental 
concerns with the use of cadmium. Nickel Metal Hydride (NiMH) batteries 
has emerged as an alternative solution for portable applications. However, 
large NiMH batteries (e.g. stationary applications) have not been adopted 
due to the high cost of nickel and patent limitations. NiMH batteries also 
exhibit a high self-discharge rate. 
M 
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Figure 2.1: Plot of different battery technologies with volumetric energy 
density (Wh/L) on the x-axis and gravimetric specific energy (Wh/kg) on the y-
axis. 
Lithium batteries were first proposed in 1976 [3] and have been widely 
adopted for portable electronics since the early 1990s. Lithium batteries can 
be divided into three different groups, viz.: lithium metal, lithium-ion and 
lithium-ion polymer. Lithium metal batteries are primary batteries (not 
rechargeable), while both lithium-ion and lithium-ion polymer batteries are 
rechargeable. The main difference between the two is that the electrolyte of 
the former is a lithium salt (typically LiPF6) in an organic solvent, while it is 
a solid composite polymer (such as oxymethylene-linked polyethylene 
glycol or PEMO) for the latter. There is no fixed chemistry for the lithium-
ion cell (unlike the lead-acid, nickel metal hydride or nickel cadmium 
batteries), but depends on the unique combination of the anode, cathode and 
the electrolyte – the important cathode types being LiNixCoyAlzO2 (NCA), 
LiNixMnyCozO2 (NMC), LiMOx-, manganese-spinel based cathodes and 
olivine-type cathode materials (especially LiFePO4). Hence, rechargeable 
lithium-ion battery energy storage systems (BESS) incorporate a family of 
chemistries, with widely varying electrical characteristics. 
Figure 2.1 compares different battery technologies in terms of volumetric 
energy density (Wh/L) and gravimetric energy density (Wh/kg). As seen 
from Figure 2.1, lithium batteries are the smallest and lightest amongst all 
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other technologies. The quick reversibility of the lithium ions enables 
lithium-ion batteries to charge and discharge faster than lead-acid and 
NiMH batteries. In addition, Li-ion batteries produce the same amount of 
energy as NiMH cells, but they are typically 40% smaller and weigh half as 
much. This allows for twice as many batteries to be used in an electric 
vehicle (EV), thus doubling the amount of energy storage and increasing the 
range of the vehicle. 
A. Principle of operation 
Batteries are a collection of electrochemical cells. The main 
characteristic of the electrochemical cell is the transduction of chemical 
energy into electrical energy and its reverse, thus enabling rechargeable 
energy storage [4]. The three main constituents of a lithium ion cell are: an 
anode (which is oxidised), a cathode (that is reduced) and the electrolyte. 
When the cell is connected to an external load, an electrochemical 
reduction-oxidation (redox) or charge-transfer reaction transfers electrons 
from the anode to the cathode. This transfer converts the chemical energy 
stored in the active material to electrical energy which flows as current 
through the external circuit. The exchange of electrons takes place at the 
electrode / electrolyte interfaces; the oxidation reaction providing electrons 
to the external circuit and the reduction reaction consuming these electrons 
from the external circuit. The electrolyte is the medium of transfer of the 
positive ions between the electrodes. As the cell discharges current, its 
voltage drops. The chemical energy released is determined by the difference 
between the standard Gibbs free energy chemical potential of the two 
electrodes. The theoretical open circuit voltage of a cell is measured at 25°C 
and at 1M concentration or 1atm pressure. However, all this voltage is not 
available for use due to voltage drops within the passive components inside 
the cell. The basic chemical reactions inside a LiCoO2 cell (as a 
representative lithium-ion cell) are [5]: 
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At the anode: 
 +  + 	
								
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        (2.1) 
At the cathode: 
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Overall: 
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Table 2.1: A summary of lithium-ion chemistries 
Chemistry Type Cathode Anode 
Lithium Cobalt Oxide (LCO) LiCoO2 Graphite/ Hard carbon (LiC6) 
Lithium Manganese Oxide (LMO or 
spinel) LiMn2O4 
Graphite/ Hard carbon 
(LiC6) 
Lithium Nickel Manganese Cobalt 
Oxide (NMC) LiNiMnCoO2 
Graphite/ Hard carbon 
(LiC6) 
Lithium Nickel Cobalt Aluminium 
Oxide (NCA) LiNiCoAlO2 
Graphite/ Hard carbon 
(LiC6) 
Lithium Iron Phosphate (LFP) LiFePO4 Graphite/ Hard carbon (LiC6) 
Lithium Titanate (LTO) LiCoO2 /LiFePO4 Li4Ti5O12 
B. Various Lithium chemistries 
A number of combinations of anode and cathode materials have been 
evaluated since 1990. A summary of the important lithium-ion chemistries 
are listed in Table 2.1. A summary of lithium-ion chemistries is given 
below: 
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Lithium cobalt oxide (LCO): The LCO cell, with a LiCoO2 cathode, 
and graphite carbon as the anode was introduced by Sony in the early 1990s 
[3]. The cell is primarily used in portable devices, such as laptops and 
cellular phones, and has a high specific energy which provides a satisfactory 
runtime. The cell has a limited cycle life of 500 to 700 deep cycles and a 
limited calendar life. Its drawbacks are low specific power, inability to be 
overcharged or over-discharged, and inability to fast charge. Rates of 
charging above 1C (i.e. rated capacity in one hour discharge) cause the cell 
to overheat and cause safety problems. The cell has poor thermal stability 
and there have been reports of accidents. The cost of LiCoO2 has increased 
over time.  
Lithium Manganese Oxide (LMO): Lithium insertion in manganese 
‘spinels’ was first reported in 1983 [6]. In 1996, Moli Energy 
commercialized a Li-ion cell with lithium manganese oxide as a cathode 
material. The important feature of this technology is the three-dimensional 
manganese ‘spinel’ structure that improved ion flow in the electrode, 
resulting in lower internal resistance and higher current flow. The ‘spinel’ 
yields a similar energy density as LCO, high thermal stability and enhanced 
safety but with a much lower cycle and calendar life. The cell conforms to 
higher rates of charging and discharging and can be fast charged. The cell 
can also be adapted to exhibit high specific power. 
Lithium Nickel Cobalt Aluminium Oxide (NCA): The NCA cell 
delivers high specific energy and specific power, and has a long life. NCA 
has slightly lower voltage and hence better safety characteristics, compared 
to LCO‐based cells with a lower cost. The NCA has much better cycle life 
than the LCO. 
Lithium Nickel Manganese Cobalt Oxide (NMC): The NMC cell can 
be customized to have high specific energy or high specific power, but not 
both. The cell combines nickel (high specific energy but low stability) and 
manganese (‘spinel’ structure which gives very low internal resistance). 
NMC has potentially a long cycle life, NCA-like safety characteristics and is 
potentially less expensive than the NCA. The cell has better thermal stability 
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than LCO. High specific power NMC is usually chosen for power tools and 
for vehicle power-trains.  
Lithium Iron Phosphate (LFP): The LFP as a suitable cathode material 
was discovered in 1996 (the University of Texas (and other contributors)) 
for use on lithium-ion cells. It is one of the safest lithium-ion chemistries 
with good thermal stability, high tolerance to abuse, high current rating and 
long cycle life. LFP gives a reasonable calendar life and excellent cycling 
characteristics at moderate temperatures. The energy density of LFP‐based 
cells is much lower than LCO or mixed metal oxides, but has high power 
capability. Its drawbacks are a lower cell voltage of 3.3V/cell, reduced 
specific energy (compared to LMO, NCA or NMC), reduced performance in 
cold temperature, and higher aging at elevated temperatures. LFP has a 
higher self-discharge than other Li-ion batteries, which can cause balancing 
issues with aging, and exhibits a marked path-dependence (hysteresis).  
Lithium Titanate (LTO): Cells with lithium titanate anodes have been 
known since the 1980s. Li-titanate replaces the graphite in the anode of a 
typical lithium-ion battery and the material forms into a spinel structure. 
LTO anodes can be combined with LFP, LCO or LMO cathodes to 
potentially provide very safe and stable cells. LTO cells exhibit high power 
capability, long cycle life (more than 10,000 deep cycles), a much higher 
chemical stability and much improved thermal stability with a significantly 
reduced risk of fire or explosion. The chemistry eliminates the creation of 
dendrite formation reducing the risk of internal cell short-circuits. However, 
they have a significantly lower voltage (2.5V with LCO and 2.0V with LFP 
as the cathode), which brings significant advantages in terms of safety. 
These cells can be safely fast-charged at rates higher than 10C (i.e. 10 times 
the nominal one-hour capacity rate), can be safely overcharged [7] and have 
a capacity for regenerative recapture similar to super capacitors (for HEV 
use). The LTO‐based batteries also have a wider operating temperature 
range and an excellent low temperature performance. Although the energy 
density of LTO‐based batteries is low compared to other lithium ion 
batteries, it is still higher than lead-acid and NiCad batteries. 
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Chapter 3: Are lithium-ion 
SLI batteries practical? 
ver the years, the lead-acid battery and the starter-motor in the 
vehicle have been completely optimised to obtain the best possible 
torque for the lowest possible manufacturing costs. This common 
‘starter battery’ in an internal-combustion engine (ICE) powered road 
vehicle is the ‘SLI’ battery, named after the simple functions of starting (S), 
lighting (L) and ignition (I) that it performs. The operating mode of these 
batteries is characterised by ‘floating’ in a medium state-of-charge with 
shallow cycling, where full discharge is never achieved [8-9]. Presently, 
12V lead-acid batteries are the overwhelming choice for SLI batteries, 
primarily due to their low cost. 
 
 
Figure 3.1: Lithium-ion based 12V SLI batteries by A123 Systems (left) and 
GAIA (right) 
Till the turn of the century, a number of researchers thought that the 
lead-acid battery technology would continue to be preferred over the lithium 
ion battery technology for the starter application, primarily due to its 
O
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unrivalled cost advantage [10-14]. However, a sharp decrease in costs and 
other technological advances in the lithium-ion battery technology in the last 
3-5 years have made it a competitive choice in weight and maintenance 
sensitive markets. Introduction of lithium-ion batteries into the SLI market 
has the advantage of reduction in the battery weight and size, elimination of 
the need for battery replacement over the life of the vehicle, and reduction in 
the potential for lead-based environmental pollution. It could also act as a 
catalyst to rapidly decrease and stabilise lithium-ion battery prices. On the 
other hand, it would introduce elaborate battery management and thermal 
management systems and higher initial costs. The biggest inhibitor for the 
vehicle manufacturers to switch from lead-acid based SLI batteries to 
lithium-ion ones is their high cost. Porsche is today the only vehicle maker 
to offer this option [15]. A number of lithium ion battery manufacturers like 
A123 Systems, GAIA, Valence, K2 Battery and M2 Power have recently 
introduced drop-in replacements for 12V lead-acid starter batteries in the 
market. These are interesting proposals that are suggestive of future trends. 
This chapter attempts to present a balanced analysis of the pros and cons of 
lithium batteries with respect to the lead-acid ones for the SLI application; 
and evaluate the practicality of lithium-ion SLI batteries. 
A.  The vehicle electrical system 
The electrical system of a conventional vehicle comprises the alternator 
as the energy converter, the SLI battery as the energy accumulator, and the 
electrical equipment as consumers. The SLI battery supplies the energy to 
the starter-motor to start the vehicle ICE. When the engine is running, the 
alternator produces electricity to feed the consumers and charge the battery. 
To charge the battery, the alternator must raise the vehicle-system voltage 
above the open circuit voltage of the battery. This is possible, only when the 
electrical demand of the consumers is less than the supply from the 
alternator. If the demand of the electrical equipment is greater than the 
supply from the alternator, the battery is discharged; and the vehicle system 
voltage drops to the battery voltage level. The electrical load requirements 
can be classified as: 
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• Continuous loads: loads that are always ‘on’ (e.g. fuel pump motor, 
ECU etc.) 
• Long-term loads: which are switched on when necessary, but remain on 
for a long time (e.g. head-lights, car radio, radiator fan etc.) 
• Short-term loads: which are switched on briefly (indicator lights, stop 
lights, power window motors etc.) 
Only some consumers are connected to the battery supply when the 
ignition key is removed (anti-theft alarm system, car radio, auxiliary 
heating). The remaining consumers are only connected when the ignition 
key is in the on position. The electrical load requirements are not constant 
during vehicle operation. During starting, all loads except the starter motor 
are cut-off momentarily. The first few minutes after startup are generally 
characterized by high electrical demand (heating/air-conditioning load), 
followed by a sharp drop in the electrical load requirements. The electrical 
load requirements are then determined predominantly by the continuous 
loads and the long-term loads. 
The alternator current is dependent upon the ICE rotational speed. At 
idle, the alternator supplies only 55-65% of its nominal output. Drive cycles 
that involve extensive idling, are critical, as the alternator output is usually 
so low that the battery is discharged when the electrical load requirements 
are high. The alternator is driven by the engine crankshaft by means of a V-
belt. Its output is rectified by a diode rectifier integrated with the alternator; 
and regulated by a voltage regulator. Rectification of the alternating voltage 
creates a pulsating direct voltage. At the switching of the diodes, when the 
current is commutated from one diode to the next, a high-frequency voltage 
oscillation is generated, that is smoothened by the capacitor installed in the 
alternator. Electronic consumers (e.g. ECUs) can be disrupted or even 
damaged by the voltage ripples and voltage peaks. The battery is used to an 
advantage to smoothen all voltage fluctuations, and the electronic 
consumers are usually connected on the battery-side. Electrical consumers 
that are insensitive to voltage ripples are connected close to the alternator. 
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B. The SLI Application 
The SLI battery in a vehicle with an internal combustion engine has two 
main functions: 
i. starting function, i.e. starting up the internal combustion engine. 
ii. service function, i.e. ensuring an electrical buffer function between the 
electrical energy production (alternator) and consumption (lighting, air-
conditioning, demisting, de-freezing, radio etc.) in the vehicle.  
This service function is utilised in two situations: 
a. When the engine is stopped and electrical energy is required for 
lighting, air-conditioning etc. 
b. When the engine is running, but the electrical power supplied by the 
alternator is lower than that needed by the electrical equipment switched 
on (i.e. a negative energy balance); this condition occurs when the 
engine is at idle; or in climatic conditions (night, rain etc.) that need use 
of higher electrical loads (lighting, demisting, windscreen wipers etc.). 
The starting function is characterised by a high electrical power 
requirement for a very short duration — typically, 1.5 to 5kW for a few 
seconds (i.e. currents of a few hundred amps for a 12V battery). The service 
function, on the other hand, requires low to medium energy levels for long 
periods with repetition (i.e. currents from a few milliamps to several tens of 
amps) [16]. Till the 1970s, the starting function was the main function; 
thereafter the importance of the service function increased drastically due to 
rapid electrification of existing vehicle auxiliaries (steering, engine cooling 
fan, engine control etc.), and the addition of new electrical loads (more 
indicator lights, driving assistance, anti-theft alarms etc), creating the need 
for increasing the battery size. Some of these loads belong to a new family, 
the so-called “key-off loads” (such as anti-theft systems) that draw energy 
from the battery even when the vehicle is parked, and therefore require even 
larger battery sizes. Therefore, typical battery capacity has moved from 30 
Ah to 60 Ah and more, in modern cars, and is predicted to rise further [17-
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19]. The larger the battery size, the more competitive are the options to 
reduce the battery size and mass, at equal performance. 
In the late 1990s, there was increased recognition of the fact that 
electrical loads in the vehicle were increasing far beyond the capacity of the 
existing lead-acid battery [20]. Many changes in the electrical system were 
proposed — introduction of dual battery, dual voltage (14 V/42 V), high 
voltage systems, starter/alternator integration, recuperation and boosting etc. 
[2] & [18]. New voltage levels were debated and discussed by American 
(MIT/Industry Consortium) and European (‘Forum Bordnetz’) working 
groups composed of automobile and battery manufacturers [21-22]. 
However, the passenger car market which forms the bulk of the road vehicle 
market operates under conditions of extremely heavy competition, and is 
extremely price-sensitive; the 42V higher voltage system was not taken up 
for widespread implementation by vehicle manufacturers, as the increased 
cost to benefit ratio was perceived to be too low for the market [10-11] & 
[23] and since it entailed additional costs for costly 42V electrical 
components, which lacked economies of scale. Meanwhile, significant 
technological advancements in several components of the conventional 14V 
system helped stretch its boundaries. For example, the enhanced clawpole 
(Lundell) alternators could continuously generate an electric power output 
of 3kW or more. ‘Absorbent glass mat’ (AGM) batteries demonstrated a 
three-fold longer shallow-cycle life compared to conventional lead-acid 
batteries [11]. 
1) The voltage window 
The electrical system voltage, with the ICE operating, is kept around 
14V rather than at 12V; and there is general agreement that these systems be 
considered to have a nominal voltage of 14V [24]. The charge-end voltage 
to lead-acid 12V batteries could between 13.8V to 14.8V. Existing 12V 
lead-acid starter batteries are composed of six cells in series. At common 
ambient temperatures, the lead-acid cell voltage varies between 2.13V and 
1.65V, leading to a battery voltage between 9.9 and 12.8 V. An absolute 
minimum voltage of 6 to 8 V is considered acceptable for automotive 
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applications, in severe conditions such as starting the engine at very cold 
temperatures [25] 
Figure 3.2 shows the voltage variation with temperature in voltage 
regulators by two different manufacturers. The voltage output from the 
regulator is dependent upon the ambient temperature, as a consequence of 
the dependence of the battery’s behaviour with temperature. 
An important practical limitation on any proposal for substitution of the 
present-day lead-acid SLI batteries with a new battery is that it should not 
require significant changes in other parts of the vehicle electric system. 
Therefore, the voltage window of the new battery should be as near as 
possible to the one used in current vehicles, both when the ICE is running, 
and when it is not. Therefore the system voltage window operating with any 
battery that is a candidate for smooth substitution of present-day lead-acid 
batteries must: 
• deliver a voltage not lower than 9.9V with the ICE off; and 
• be safely charged over a voltage range from 13V to 15V with the ICE in 
on state, as per Figure 3.2. 
 
 
Figure 3.2: Battery voltage window (V) vs. temperature (°C): of the automobile 
alternators by two different manufacturers 
It must be added, however, that slight deviations from the values 
reported in figure 3.2 could be acceptable if they are compatible with all the 
other vehicle electrical requirements, and would require only fine tuning of 
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the alternator’s regulation parameters, which is already common practice 
[26]. 
An initial consideration to select a suitable lithium chemistry can be by 
just evaluating the voltage window at room temperature, and verifying it to 
be between 10V and 14V, which should ensure the full range of 8V to 15V 
required to be fulfilled at extreme temperatures. It is also important to verify 
that a battery at a voltage well below 15V (say between 14V and 14.5V) at 
room temperature, when charged, stays charged. 
Table 3.1: Commercially available lithium-ion cell chemistries matching 
system voltage of 14 Volts 
Chemistry Type Material Cell Voltage (Max-Nom-Min) (Volts) 
No. of cells 
in series 
[Max-Nom-
Min] (Volts) 
Lithium Cobalt Oxide 
(LCO) 
LiCoO2 
(60% Co) 4.2-3.7-2.7 
4 cells in 
series 
[16.8-14.8-
10.8] 
Lithium Manganese 
Oxide (LMO or spinel) LiMn2O4 4.2-3.7-2.75 
4 cells in 
series 
[16.8-14.8-
11] 
Lithium Nickel 
Manganese Cobalt Oxide 
(NMC) 
LiNiMnCoO2 
(10–20% Co) 4.2-3.6-3.0 
4 cells in 
series 
[16.8-14.4-
10.8] 
Lithium Nickel Cobalt 
Aluminium Oxide 
(NCA) 
LiNiCoAlO2 
(9% Co) 4.2-3.6-3.0 
4 cells in 
series 
[16.8-14.4-
10.8] 
Lithium Iron Phosphate 
(LFP) LiFePO4 3.65-3.3-2.5 
4 cells in 
series 
[14.6-12.8-
10] 
Lithium Titanate (LTO) Li4Ti5O12 2.9-2.25-1.5 (LMO/LTO) 
5 cells in 
series 
[14.5-11.25-
7.5] 
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Table 3.1 provides the voltage range of a battery with the number of 
(commercially available) lithium-ion cells in series, closest to the required 
range of 10V to 14V for SLI applications. LFP and LTO batteries appear 
most suitable for SLI usage. Other chemistries, such as LCO, LMO, NMC 
and NCA do not appear to be adequate for the purpose. 
2) Cold-cranking 
The battery should be capable of providing high currents at 6V to 8V at 
low temperatures. This is verified by conducting the cold cranking test, 
which is a more demanding test than those at higher temperatures. Cold 
cranking amperes (CCA) for lead-acid SLI batteries are defined as the 
amount of current a battery can provide at -18°C for 10 seconds, with its 
voltage remaining above 7.5V, for the “starting” function. 
• The battery is completely charged at 25°C ± 2°C. It is then allowed to 
rest for 24 hours. 
• The battery is then placed in a forced air cooling chamber at -18°C ± 
1°C for 24 hours. 
• The battery is then discharged for 10 seconds with the cold cranking 
current Icc ± 0.5% indicated by the manufacturer of the battery. The 
terminal voltage Uf at the end of the discharge should not be below 
7.5V. 
• After a rest time of 10 s ± 1 s, the test is continued. The battery is then 
discharged at 0.6Icc ± 0.5%. The discharge time (t´6V) till the battery 
voltage reaches 6V shall be recorded. 
• The total cold cranking capacity,  =  	 + ´ × 0.6	 = 



10 + 0.6´ 
• t6V is defined as the duration of the second stage plus the equivalent 
duration of the first stage if it had been run at 0.6Icc. i.e.  = t´ +	
.
= t´ + 	17 s,  ≥ 90 s 
Figure 3.3:Cold cranking performance test per CEI EN 50342-1:2006-10 for 
lead-acid starter batteries [27] 
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There is presently no standard or specification for lithium-ion based 
starter batteries. Cold cranking performance of a commercial 12V LFP 
battery is presented in Figure 3.4. LTO cells have demonstrated a very good 
ability to deliver very high cranking currents at low temperatures [28]. 
Lithium cell manufacturers claim that the cells can operate under low 
temperature conditions, as shown in Figure 3.5 and Figure 3.6. 
 
 
Figure 3.4: Low temperature performance of A123 System 12V engine 
start battery (from manufacturer’s datasheet on website) 
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Figure 3.5: Low temperature performance of LFP cells (left Yuasa, right 
A123) 
 
 
Figure 3.6: Capacity of an A123 Systems LFP cell at -20°C for different rates 
of discharge 
3) Floating operation 
The lead-acid batteries are normally left on a “float-charge” and are 
always stored in a charged state. Lead-acid batteries allow safe and reliable 
operation while maintained, when charged, “float” at a constant voltage, 
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around 2.33V/cell to 2.4V/cell, where it is able to automatically compensate 
for self-discharge. This is also the case in SLI application, where very often, 
the battery is charged and subject to float voltage. Indeed, these float 
voltages are those reported in Figure 3.2.  
Individual lead-acid cells, when completely charged, can absorb the 
additional charging current (if it is not high) activating parasitic reactions: in 
recombination batteries, this leads to water decomposition (into hydrogen 
and oxygen) and subsequent recombination. Thus, all the cells have a 
mechanism to intrinsically balance themselves. 
The charging regime most often recommended by manufacturers of 
lithium ion batteries and most commonly used is the ‘constant current-
constant voltage’ (CC/CV) approach which foresees a first phase in which 
the current is held constant (and the voltage rises), and a second one in 
which the voltage is kept constant and the current reduces [29] till a 
predefined lower limit. 
In case a Li-battery is subjected to an excessive “float” voltage, it is not 
intrinsically able accept this and tends to overheat and therefore cause safety 
problems. Its prevention is required to be built into the battery management 
system (BMS), as detailed later. With passive equalisation, the Li battery 
should be as adaptable to float operation as ordinary lead-acid batteries; 
while with active equalisation, for safe operation, the float voltage value 
must be carefully determined and coordinated through the BMS.  
4) Calendar life 
Since the SLI application only involves shallow discharges, what is 
important for an automotive battery is its calendar life or shelf life i.e. the 
time before a fully charged battery, when not used, needs to be replaced. In 
geographical locations with high ambient temperatures, such as South 
Europe, shelf life could dominate over cycle life. Due to low ionic 
conductivity of the electrolyte, shelf lives of lithium batteries are generally 
the same or higher than those of flooded lead-acid cells [12] & [19]. 
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Figure 3.7 and Figure 3.8 show the percentage loss in capacity of a fully 
charged and half-charged LFP cell for a long time. 
 
Figure 3.7: Capacity loss of an A123 Systems LFP cell stored at 100% State of 
charge 
 
 
Figure 3.8: Capacity loss of an A123 Systems LFP cell stored at 50% State of 
charge 
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Figure 3.9: Performance of LFP cell at “float charge”: Tests at 45°C from 
Yuasa if extrapolated at room temperature, a calendar life of 10 to 15 years 
can be assumed 
5) Environment 
a) Effect of battery location 
There are three possible locations for the SLI battery — the engine 
compartment, the passenger compartment (e.g. below the front passenger 
seat) and the luggage compartment. The battery location affects the charge 
voltage. The cable from the battery to the alternator is shorter when the 
battery is in the engine compartment compared to when it is in the luggage 
compartment. This affects the line resistance and the voltage drop in the 
cable. This voltage drop to the battery in the luggage compartment can be 
minimized by adopting a conductor with a suitable cross-section and using 
good connections. The set-point alternator voltage needs to be slightly 
increased to offset the higher voltage drop in the cable to the luggage 
compartment. For starting the vehicle, a higher input voltage to the starter-
motor results in better startability. Due to the high starting currents required, 
the resistance of the cable from the battery to the starter-motor has a crucial 
effect on this voltage.  
b) Effect of ambient temperature and mounting 
The vehicle is expected to operate under temperatures between -30°C to 
+60°C [35]. Li-ion cells can safely operate in the required temperature range 
45°C 
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[36]. The battery’s working environment has a large bearing on its service 
life, and is totally dependent upon factors like the ambient climate and the 
battery location within the vehicle. The battery’s location and mounting 
influences its working temperature and exposure to vibration. Due to the 
vehicle vibrations, brazed joints are susceptible to loosening, and eventually 
fatigue failure. Proper battery mounting reduces vibration. 
To improve the vehicle’s aerodynamics, the engine compartments are 
smaller, and batteries are closer to the hot components. Sometimes, the 
battery is shielded using thermal insulations. These effectively protect the 
battery from direct radiation and reduce the peak battery temperatures. 
However, they hinder the heat dissipation from the battery. In winters, the 
thermal shield prevents the battery from being warmed from external heat 
sources. When no thermal shields are used, the battery heat is dissipated by 
the air-flow. Batteries are also located in the passenger compartment, where 
temperatures are controlled. With respect to the risk of leakage of the 
electrolyte, this location is safer for lithium batteries as compared to flooded 
lead-acid batteries. Batteries installed in the luggage compartment usually 
experience significant heating as the hot exhaust pipes are mounted directly 
below the trunk and close to the location of the battery [9] & [35]. At low 
temperatures, the battery in the luggage compartment usually takes a longer 
time to reach operating temperatures. Low temperatures also lead to poor 
chargeability, which causes the battery to run down. Vehicles that only run 
short trips in urban conditions (particularly in harsh temperatures) 
experience the ‘flat battery’ syndrome as the charging voltage from the 
regulator is insufficient to keep the battery charged, resulting in a depleted 
or dead battery [16] & [38]. This condition occurs with even relatively new 
batteries under warranty. 
6) Cost effectiveness 
The passenger car market which forms the bulk of the road vehicle 
market operates under conditions of heavy competition, and is extremely 
price-sensitive. Manufacturers are loath to introducing components with 
higher cost. The high cost of lithium batteries is the biggest impediment to 
their introduction. A study of the cost effectiveness of the LFP-based battery 
Are lithium-ion SLI batteries practical? 
 
 
-24- 
is made in this section. The cost of LTO-based batteries has not been shared 
by the manufacturers with the author. 
Lead-acid battery (€100/kWh) is far cheaper than the cheapest 18650 
lithium cells (€210/kWh) and the LFP cells (€400/kWh). Additional costs 
are added towards the BMS for lithium batteries.  
Although lithium batteries have 4-6 times deep-cycle lives compared to 
lead acid batteries, to make a provisional cost comparison between lead-acid 
and LFP batteries, floating-charge battery life has to be evaluated [36]. 
Taking the lead-acid battery life as 3 to 4 years, in the absence of reliable 
real-life data, two scenarios are considered: 
Case A (cautious assumption)  : LFP calendar of 7 years 
Case B (realistic assumption)  : LFP calendar life of 12 years 
To provide a fair comparison, a partially mature market (when the prices 
stabilise, after sufficient volumes are achieved) is considered for LFP 
batteries with the following assumptions for cost estimation: 
• the LFP cell’s cost would reduce by a third (from today’s price of 
€400/kWh); 
• cost of the BMS would be just its hardware cost, as the high cost of 
its research and development, would have been nearly recovered. 
Hence, for LFP batteries, a cost (with BMS) of €300/kWh is assumed. 
Lead-acid battery costs are heavily dependent on the market price of lead. 
Considering the globally high prices of lead, a cost of €100/kWh for lead-
acid battery is assumed. 
Since the LFP batteries would weigh less, they would cause a reduction 
in the propulsion energy by 10-4Wh/(kg-m) [37], that would lead to less fuel 
consumption. The economic benefit due to the higher energy density 
(kW/L) of LFP batteries leading taking less space (volumetric saving) is not 
considered in this exercise. Other data taken for the study: 
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Vehicle life    =  240,000 km 
Lead-acid battery energy density  = 30-40 Wh/kg 
LFP battery energy density   = 90-100 Wh/kg 
i.e. the LFP battery is lighter than lead-acid battery by 22.22 kg/kWh. 
Taking: 
Cost of petrol   = € 1.50 /L 
Calorific value of petrol  = 9.7 kWh/L 
Efficiency of vehicle ICE  = 27% 
i.e. Fuel saving due to lower weight = € 1.26 / (kWh·1000km) 
Fuel savings over vehicle life = € 302 /kWh 
Thus over the lifetime of the vehicle, the battery costs are likely to be 
equal. 
Table 3.2: Cost-effectiveness of LFP-based SLI battery 
Battery Assumed 
battery cost 
(€/ kWh)  
Battery 
Life 
(years) 
Cost over 
vehicle life 
(€/ kWh)  
Fuel 
savings 
(€/ kWh)  
Global 
Savings 
(€/ kWh)  
Lead-acid 100 4 years 300 - 0 
Lithium-ion 
(LFP) 
300 
(Mature  
market) 
7 years 600 300 0 
12 years 300 300 300 
The LFP battery life is expected to be 15 years, but there is some 
uncertainty about this. Taking the cautious assumption of a 7-year calendar 
life, the LFP based SLI battery is expected to be cost neutral when 
compared to the existing lead-acid battery over the life of the vehicle. In the 
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realistic assumption of 12 years’ life, there is a net saving of 300 €/kWh 
over the life of the vehicle. 
7) Failure and reliability issues 
There are broadly three reasons for failures encountered by current SLI 
batteries: 
the voltage regulator, which controls the alternator output (and is usually 
integral with the alternator), varies the charging voltage to the battery, 
sensing the temperature of the alternator and not that of the battery. Battery 
temperature sensing involves an extra cost and is not carried out. Since the 
alternator temperature rises much faster and higher than that of the battery in 
short runs (urban traffic), the regulator reduces the output voltage to the 
battery, resulting in no charging in winters, and overcharging in summers 
[38] and flat batteries in vehicles which often make short runs. 
• direct exposure to heat and consequent high battery temperatures leads 
to low battery service life [39]. 
• Increased use of “key-off” loads bleed the battery slowly, leading to 
problems [9-10]. 
Customer satisfaction is increasingly important in the highly competitive 
automobile industry. Increasingly, components are expected to conform to 
six-sigma (<12ppm failures) reliability over the operational life of the 
vehicle, assumed to be ten years or 240,000 km. Current SLI batteries do not 
conform to this standard, and need to be regularly replaced over the vehicle 
life. As battery performance is not monitored, its failure is not predictable. 
This causes a serious lack of reliability for the driver, and even a safety risk, 
if critical components like brakes are electrified. 
Most of these problems with lead-acid batteries would be solved if the 
lithium battery is adopted. The battery temperature is necessarily sensed as 
an input to the BMS; hence voltage regulators would behave accordingly. 
Lithium batteries have a larger capacity for deep discharges and a longer life 
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than current SLI batteries; and the lithium SLI battery is more likely to last 
the lifetime of the vehicle. 
C. Lithium Battery Option  
1)  Brief summary of available chemistries 
Table 3.3: Summary of important lithium chemistries 
Specifications LCO LMO NMC 
Deep-cycle life 500 500-1000 1000-2000 
Operating temp Avg Avg Good 
Specific energy 150-190Wh/kg 100–135Wh/kg 140Wh/kg 
Specific power 95Wh/kg 10-40C pulse 2300Wh/kg 
Safety Avg Avg.  Good 
Thermal 
stability 
Low Good Good 
Manufacturers Sony, Sanyo NEC, Samsung Kokam, EIG 
 
   
Specifications LFP LTO  
Deep-cycle life 1000-2000 >10000  
Operating temp Good Good  
Specific energy 90–120Wh/kg 52–77Wh/kg  
Specific power 400–3200Wh/kg 1333-1675 W/kg  
Safety Very Good Very Good  
Thermal 
stability 
Very Good Very Good  
Manufacturers A123, Valence Altairnano, 
Toshiba 
 
Li-ion batteries encompass a number of battery chemistries, with various 
combinations of anode and cathode materials, each having their own 
advantages and disadvantages regarding safety, voltage, capacity, cost etc. 
All these chemistries require battery monitoring and/or management 
systems to keep their operation under control, requiring voltage and 
temperature monitoring as well as, in most cases, balancing of the charge of 
individual cells. Table 3.3 briefly summarizes the important characteristics 
of different lithium chemistries, taken from manufacturer’s leaflets. More 
comprehensive information is presented in the Appendix. 
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2) SLI usage suitability 
Although the 18650 Li- cells are the cheapest, they are based on the LCO 
chemistry, whose voltage window is not compatible for SLI application 
(para IIA above). A 15°C increase in temperature and 0.1 V increase in 
charging voltage could cut their cell life by half under floating charge 
conditions [40]. They exhibit low thermal stability and safety as compared 
to the newer LFP and LTO based cells. Moreover their calendar life under 
float conditions is extremely poor [41-42]. 
Both the LFP and LTO chemistries are most suited for SLI applications, 
in view of their matching the voltage window and high safety and thermal 
stability. All the lithium 12V drop-in replacement battery packs available in 
the market today are based on the LFP technology. LTO-based 24V drop-in 
replacement batteries have also been recently introduced. 
3) Thermal and Battery management system 
Traditionally the gassing mechanism is the natural method for balancing 
a series of lead-acid battery cells, without permanent damage to the cells. 
Since lithium cells cannot be overcharged, there is no natural mechanism for 
their cell equalisation; they hence need an external battery management 
system (BMS) [30-31]. Moreover, they also need to be protected against 
high temperatures (>60°C), and need some thermal management as well. 
Usually, the BMS manages cell-equalisation during the end-of-charge 
phase, by selectively discharging the higher voltage cells in resistors 
(passive equalisation), or transferring their charge to lower voltage cells 
(active equalisation) to bring all the cells to a common voltage. Under 
typical ‘float’ conditions, which are most common in SLI applications, the 
battery is liable to be continuously (over)-charged. LTO-based cells have 
been shown to be intolerant towards overcharging [7]. Since the starter 
battery is rarely discharged, the LTO-based SLI battery would only need a 
battery monitoring system. 
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For an LFP-based starter battery, the most robust operation for end-of-
charge equalisation would be with passive equalisation, since active 
equalisation might not be able to compensate for an excessive float voltage. 
In case active equalisation is adopted, the float voltage must be carefully 
matched with the BMS; or the BMS must be also be able to control the 
voltage from the regulator. The commonly used BMS solution of cell 
equalisation during discharge cannot be applied when LFP batteries are 
considered for SLI applications. 
D. Conclusions of the feasibility study 
Due to market pressures to reduce vehicle component costs, the 
commonly used lead–acid battery, which enjoys incredibly low costs and a 
well-established recycling process, is able to maintain its strong position as 
the storage system of choice for SLI applications. Weaknesses of lead–acid 
battery performance, such as low specific energy and calendar and cycle 
lives, are offset by the low costs. It provides a service life of 4–6 years, if 
the voltage regulator of the charger works correctly and the energy 
throughput is limited. 
This chapter investigated the feasibility of lithium-ion batteries for SLI 
application in conventional vehicles, which require high current for 
extremely low durations, and is mostly a stand-by application. Amongst the 
various lithium chemistries, the LFP and LTO batteries offer the best match 
with the technical requirements, and they are widely commercially available 
today. 
LFP and LTO batteries would entail a higher initial cost, but would save 
fuel and would require no battery change subsequently during the lifetime of 
the vehicle.  
The savings in fuel consumption due to the reduced battery weight over 
the lifetime of the vehicle would compensate for the higher initial cost of the 
LFP batteries. In the end, they are expected to be more or less cost-neutral 
vis-à-vis existing lead-acid SLI batteries. 
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Lithium-ion batteries being environmentally-friendly would cut lead-
based environmental pollution. Since SLI batteries account for 
approximately half the demand of secondary batteries today [43], and 
conventional vehicles are expected to have a market share of over 50% even 
in 2020 [44], an early introduction of lithium-ion SLI batteries shall catalyse 
a drop in market prices of lithium batteries, as the development costs would 
be offset over the large size of the market. Moreover, they are more reliable, 
and would eliminate the ‘flat battery’ problem as battery temperatures are 
inherently sensed for the BMS.  
It must however be noted that the ‘float’ operation, that SLI batteries 
experience for most of the time might create some problems, in case the 
voltage regulator is not very accurate; these can be solved by adequate BMS 
design. In view of the above, Li-ion batteries could be considered for 
replacing lead-acid batteries. 
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Chapter 4: General 
electrochemical cell model 
lthough rechargeable lithium batteries are the de-facto choice for 
road vehicles with electric propulsion, there are no suitable models 
that accurately predict its behaviour which could be used at the 
vehicle design phase, to simulate the vehicle behaviour reliably, and later, at 
runtime during the vehicle operation, to estimate battery capacity, battery 
state-of-charge (SOC) and its state-of-health (SOH). This chapter aims to 
present a general electrochemical cell model, which is then adapted for a 
rechargeable lithium cell. 
As mentioned in Chapter 2:A, there are three main sources of voltage 
drops [4] within the passive components in the electrochemical cell: 
• Internal resistance (IR) drop: the voltage drop due to flow of charge 
across the cell internal resistance; 
• Activation polarization: due to the resistance faced by the charge at the 
surface of the electrodes and the electrolyte, and other factors inherent 
to the kinetics of an electrochemical reaction; and 
• Concentration polarization: the retarding factor due to the transfer of 
charge ions across the electrolyte (from one electrode to another). 
Four different modelling approaches are usually adopted to study the 
behaviour of a rechargeable electrochemical battery cell: 
• electrochemical modelling of the inner battery cell behaviour [45-46]; 
• stochastic modelling, in which the battery behaviour is modelled using a 
discrete-time transient stochastic process [47-49]. 
A
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• “black-box” based modelling, in which the system behaviour is 
analytically described using a set of mathematical equations [50-51], 
using fuzzy logic [52], or artificial neural networks [53]. 
• use of electric equivalent network models (also called equivalent circuit 
models) [54-66], where the battery is modelled as a network of 
electrical components. 
Although all the four approaches are common, the first approach is 
predominantly followed by battery manufacturers and battery chemistry 
researchers and is not very useful for electrical engineers and system 
integrators who need easy-to-use models which are expressed in terms of 
quantities they are accustomed to, such as voltages and currents. 
Consequently, they prefer the fourth approach, which is easier to use, for 
modelling battery cells. This approach is also adopted for this thesis. 
A.  A general electric equivalent network battery cell model 
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Figure 4.1:A general electric equivalent network model of a cell taking into 
account parasitic reactions. 
A general representation of an electrochemical accumulator cell in the 
equivalent circuit model is shown in Figure 4.1. 
 
General electrochemical cell model 
 
 
-33- 
In this figure:  
• the branch containing the cell electromotive force Em, represents the 
main reversible reaction of the cell: the charge stored in the cell during 
the charge process is the time integral of the current Im entering that 
branch. The electromotive force Em is a function of the cell SOC, and 
the inner cell temperature (assumed to be uniform), T. 
• the branch containing the cell electromotive force Ep, represents the 
parasitic reactions inside the cell that are not associated with charge 
accumulation inside the cell. For example, in lead-acid cells, the 
parasitic reaction is constituted by the water electrolysis that occurs at 
the end of the charge process. The diode indicates that the energy 
always flows out of the parasitic branch. Again, the electromotive force 
Ep is a function of the cell SOC, and the inner cell temperature (assumed 
to be uniform), T. 
• the impedances are represented as functions of the laplacian transform1 
variable s, since in this way a single Z(s) can be representative of any 
network of resistor and/or capacitor and/or inductor components. For 
instance, the network containing a resistor in series with multiple 
resistor-capacitor blocks as reported in Figure 4.3, constitutes an 
expansion of the laplacian impedance Z(s). Both the laplacian 
impedances, Zm(s) and Zp(s) are functions of the cell SOC, and the inner 
cell temperature (assumed to be uniform), T. 
In large regions of battery cell operation, the parasitic reaction effects 
can be neglected. For instance, in the case of lead-acid batteries it can be 
neglected during the discharge process and during the initial stages of 
charging [58]. Parasitic reaction effects are much more negligible in lithium 
cells, as it is clear from the very high coulombic efficiency2 they show. For 
                                                          
1
 Laplace transform is a mathematical tool for transforming functions. It also serves 
to convert functions in the time domain, such as differentiation and integration, into 
simpler algebraic functions of an intermediate variable, such as multiplication and 
division. 
2
 The coulombic efficiency of a battery is the ratio of the charge that the battery 
delivers, starting from fully-charged condition, and the charge that is delivered back 
to the battery for recharging it, up to fully charged condition. 
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this reason, the simplified model of the kind shown in Figure 4.2 can be 
used for cells that exhibit a very high coulombic efficiency. 
 
Figure 4.2: A simplified electric equivalent network model of a cell (neglecting 
the parasitic reactions). 
In case of modelling Zm as a function of Laplace variable s, very often 
the dependence of Zm(s) is rendered explicitly using networks of parameters 
depending only on SOC and electrolyte temperature (T). A general model 
for a battery cell with very high coulombic efficiency (such as lithium-ion) 
is shown in Figure 4.3. However, most often the number of RC blocks range 
from zero to three. 
  
Figure 4.3: R-C network to simulate the Zm(s) behaviour (from [58]). 
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B. Thermal behaviour modelling 
The components in the circuits presented in the previous section are not 
constant: they normally depend upon the battery cell SOC and inner 
temperature. The latter, in the model proposed, has necessarily to be unique 
for the whole cell, since the equivalent circuit depends upon a unique value 
of the temperature; consequently, in practical cases where the temperature is 
not uniform inside the battery, this value is taken as the average or an 
equivalent value of temperature inside the cell. 
This cell temperature can be computed by solving the heat equation of a 
homogeneous body exchanging heat with the environment:  
  = − −  +  
       (4.1) 
Applying a Laplace transformation: 

 =  + 
1 +  
       (4.2) 
where, 
CT is the heat capacitance (J m-3 K-1) 
Ps  is the power generated inside the cell; whenever the parasitic 
reaction branch is neglected; this power can be estimated with good 
precision as the power converted into heat in the resistors appearing 
in the equivalent circuit model (e.g. R0 to Rn in the circuit represented 
in Figure 4.3) Otherwise, the heat generated by the parasitic reactions 
must be added. 
RT  is convection thermal resistance between the cell and its 
environment (W1 m-2 K-1), 
s is the Laplace transform variable  
T is the electrolyte temperature; and 
Ta  is the ambient temperature i.e., the temperature of the environment 
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(normally air) surrounding the battery 
Practical applications require a combination of cells rather than a cell in 
isolation. In general, unlike electrical parameters, the thermal parameters of 
cells within packs are dependent upon their location within the pack and can 
be quite different from those of isolated cells. Thus, for practical 
applications this aspect must be considered for each individual pack of cells. 
A few cases are illustrated below: 
 
RT-outer  RT-outer  RT-outer  RT-outer  RT-outer  
RT-inner RT-inner  RT-inner RT-inner RT-inner  
RT-outer  RT-outer  RT-outer  RT-outer  RT-outer  
 
Figure 4.4: Pack of 15 cells – simple representation 
A simple model of a battery pack composed of 15 cells is shown in 
Figure 4.4, where cells are divided into two types– those that have a larger 
surface directly in contact with the ambient temperature (marked green), and 
those that are mostly surrounded by other cells (marked orange). The 
convection resistance of each of these two types of cells can be considered 
to be different. Similarly, the heat flow to and from the orange cells and the 
green cells, would be different and would need to consider the flow of heat 
through the different components. The cells are assumed to be cylindrical 
and have a very small diameter compared to their length. 
 
RT-outer  RT-outer  RT-outer  RT-outer  
RT-mid RT-inner RT-mid 
RT-outer  RT-outer  RT-outer  RT-outer  
RT-outer  RT-outer  
RT-mid 
RT-mid 
 
Figure 4.5: Pack of 15 cells – more complex representation 
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A slightly more complex model of the battery pack composed of 15 cells 
is depicted in Figure 4.5. Here the flow of heat from the center of the battery 
pack to the outside cells has been shown. The cells have also been divided 
into three types – marked red, orange and green depending upon their 
location within the pack; each colour depicting a different convection 
resistance. The final flow of heat from the battery pack to the ambient 
atmosphere is through conduction through the body of the battery pack 
(such as hard plastic). 
 
RT-outer  RT-mid2  RT-mid2  RT-outer  
RT-mid1 RT-inner RT-mid1 
RT-outer  RT-mid2 RT-mid2 RT-outer  
RT-outer  RT-outer  
RT-mid1 
RT-mid1 
 
Figure 4.6: Pack of 15 cells – even more complex representation 
Figure 4.6 shows an even more complex model of the battery pack 
composed of 15 cells, where the cells have also been divided into four types 
– marked red, orange, yellow and green depending upon their location 
within the pack; each colour depicting a different convection resistance.  
The computational resources and complexity of the model are directly 
related. However, it is noted that the most critical cells to be monitored for 
thermal runaway are those at the centre of the battery pack. 
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Chapter 5: Battery 
management: capacity, state-
of-charge and state-of-health 
tate-of-charge (SOC) and state-of-health (SOH) are the two most 
important figures of merit of the state-of-function (SOF) for a 
propulsion battery energy storage system user [68]. The SOC 
corresponds to the ratio of the charge stored in the battery (and obtainable to 
do work) with the maximum charge that can be obtained from the battery 
when the battery has been fully charged. SOC can be thought of as a 
thermodynamic quantity and is a reflection of the potential energy of the 
system. With use, ageing of the battery takes place, which leads to a gradual 
deterioration in its performance due to irreversible physical and chemical 
changes that take place over the life of the battery. SOH is a commonly used 
term, but has not been clearly defined till date. Usually, SOH indicates the 
state of the battery system with respect to its state at the beginning (new). 
Before proceeding to define the battery cell state of charge (SOC), or the 
remaining capacity of a cell, it is important to define the cell capacity 
accurately. 
A.  What do we mean by cell capacity? 
The capacity of a cell/battery is the amount of charge available in it for 
discharge. It is related to the quantity of active material in it, the amount of 
electrolyte and the surface area of the electrodes. It is expressed in units of 
ampere-hours (Ah). The cell capacity (extractable charge) depends upon a 
number of factors [69], including:  
• average cell discharge current and discharge time 
S
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• inner cell temperature 
• value of the end-of-discharge voltage 
• storage time (self-discharge) 
• number of charge-discharge cycles that the cell has undergone (aging) 
Over the short-term, this list can be restricted to just three factors — 
average cell discharge current (I), discharge time, and inner cell temperature 
(T). The value of the end-of-discharge voltage is usually provided by the 
manufacturer, and usually set through an external Power Electronic Device.  
Hence, cell capacity, = 	
	, 
        (5.1) 
The cell capacity, i.e. the charge the cell can deliver under given 
conditions, is always a decreasing function of the discharge current, viz. the 
lower the discharge current, the higher the delivered charge; and the higher 
the discharge rate, the lower the cell capacity. Higher electrolyte 
temperatures result in higher cell capacity, but reduce the life of the cell. 
Manufacturers specify the discharge period and current rate to yield the 
rated or nominal or full design capacity of the cell, which gives the capacity 
of a newly manufactured cell under specified standard conditions. 
Consequently, any cell capacity definition should define the particular 
discharge current, discharge time and the temperature. Rated or nominal 
capacity is different from the physical or theoretical capacity of a cell, 
which is dependent upon the active material in the cell and is based upon the 
total amount of energy that can be stored or extracted from the cell when 
manufactured. It can be reached by discharging the cell with a very small 
current at the specified temperature. The measured or standard capacity is 
the amount of energy that the cell delivers under the manufacturer-specified 
standard conditions, anytime during the life of the cell, and usually 
decreases with cell ageing. The standard capacity may even be higher than 
the nominal capacity initially but gradually reduces with cell ageing. The 
practical or actual capacity is the amount of charge a cell delivers under any 
given temperature and discharge rate during its life. This is highly 
dependent upon the discharge rate, and could often be more than the 
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measured or standard capacity of the cell. The ratio of the cell’s actual 
capacity to its nominal capacity is called the cell efficiency factor. While the 
actual capacity may be more than the standard capacity, it cannot exceed the 
theoretical capacity of the cell. Thus, while the physical and nominal 
capacities are fixed by the cell chemistry and manufacturer’s specifications, 
and are invariable over the life of the cell, the standard and actual capacities 
may change over the cell’s life.  
Figure 5.1explains the different concepts of cell capacity visually. 
practical capacity 
(variable  over life) 
measured or standard capacity (variable over 
life) at manufacturer specified conditions 
rated or nominal capacity (fixed) by manufacturer at a 
specific discharge rate and specified temperature  
physical or theoretical capacity (fixed): very small discharge rate at specified temperature  
Ageing reduces capacity. 
Changed 
current rate 
affects 
capacity. 
 
Temperature, discharge rate, 
ageing all affect capacity. 
 
Figure 5.1: Visual explanation of different definitions of cell capacity 
B. State-of-Charge 
Assuming the cell to be fully charged at time t=0, a practical way to 
define the cell state-of-charge (SOC) is to start by defining the extracted 
charge as: 

 =  	


 
      (5.2) 
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Then, SOC is can be defined as: 
 = 1 −  ⁄  
      (5.3) 
where CQ is the capacity of the cell considered. This cell capacity, CQ, 
has been described differently by various authors to be the physical capacity 
[70], rated capacity [71] or even practical capacity [72]. Some authors have 
avoided describing the capacity, and have defined the SOC based on the 
equilibrated open circuit voltage (OCV) [8-9]. Different definitions of SOC 
depending upon different definitions of the cell capacity have been proposed 
in [73]. 
The dependence of the cell capacity on the discharge current is very 
different from one battery chemistry to another. Just to give an idea, if, as 
usual, C1 and C10 indicate the cell capacities when they are discharged in 1h 
and 10h respectively, the ratio C10/C1 is typically around 2 for lead-acid 
batteries and just around 1.1 for nickel-cadmium, lithium-ion and lithium-
polymer cells. In the case of lead-acid batteries, some authors proposed [58] 
a dynamic definition of SOC, one associated with the capacity that the 
battery can deliver when discharged with a very small current (say C20 or 
C100), and the other associated with an average value of the current the 
battery is currently delivering. This practice is less justified for batteries 
such the lithium-based in which the dependence of the capacity on the 
discharge current is not very marked. 
The strong dependence of the SOC on the battery cell inner temperature 
requires the numerical value of the SOC to be normally associated with the 
temperature which that SOC refers to. 
C. Methods for SOC determination 
However, merely defining SOC is not enough. Techniques must be 
designed for their determination. Some of the important methods are as 
under: 
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1)  Discharge test:  
The most dependable method of SOC evaluation is to conduct a 
complete discharge of the battery cell to determine its remaining capacity 
under controlled conditions. This test also frequently involves a consecutive 
recharge and is considered to be too time consuming. It also leads to 
interrupting the system where the battery cell is installed. 
2) Ampere hour counting (also called couloumb counting, or book-
keeping) 
The most commonly adopted technique for determining the SOC is 
measuring the current into or from the cell during charge or discharge and 
evaluating its time integral. If the initial SOC (SOC0) is known, the integral 
of the current directly indicates the SOC. 
 =  − 1 	 − 	
  =


 − 1 	
	


 
      (5.4) 
where, CQ is the rated capacity, I is the external cell current, Ip is the loss 
in the current due to side-reactions and heat and ηCoulombic is the coulombic 
efficiency of the cell. This technique has three important drawbacks: 
• accurate determination of the initial SOC (SOC0). If the SOC0 is 
wrongly estimated, all subsequent SOC estimations would be incorrect. 
• cumulative addition of errors in measurement, noise etc. with time and 
accurate current measurement being expensive 
• determining the part of the current to the cell that is utilised for 
charging, and the part that is wasted as losses. 
These drawbacks can be overcome if the initial SOC is set at zero or one 
(i.e. the cell completely discharged or completely charged) and the 
cumulative errors are minimized if suitable points of re-calibration are 
worked out. The easiest method to estimate losses in the charging process is 
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to assume a constant loss for every recharge and to apply a constant 
coulombic efficiency factor to the cell every time it is recharged. E.g. a 
coulombic efficiency of 1.3 is applied for NiMH cells, while a factor 
varying between 1.05 to 1.2 is used for lead-acid cells, depending upon its 
type.  
Indeed, Ah counting is the most commonly used method for SOC 
estimation, as it is easy and reliable, if sufficient points of re-calibration are 
available and if accuracy of current measurement is maintained. 
3) Open circuit voltage measurement 
For most battery cell types, the value of the cell open circuit voltage is 
linearly proportional to the cell SOC. This method is suitable for 
applications where sufficiently long rest periods (usually one or two hours) 
allow the cell voltage to reach a steady open circuit voltage. However, since 
the rest periods only occur periodically, this technique is usually combined 
with other techniques to ensure a continuous indication of SOC. This 
technique cannot be applied to battery cell chemistries that do not show a 
linear relationship between the UOC (open circuit voltage) and the SOC 
(such as the lithium iron phosphate chemistry). The technique is also not 
practical in case the relaxation time taken by the cell to reach its UOC is 
unusually long (such as in cell chemistries that exhibit hysteresis). 
4) Measurement of the electrolyte specific gravity 
This method is typically used for flooded lead-acid battery cells in 
stationary applications. Since there exists a linear relationship between the 
specific gravity of the electrolyte of the cell and the SOC, the measure of the 
electrolyte density (either directly or indirectly) can be used to determine the 
cell SOC fairly accurately. However, this technique gives inaccurate results 
if acid stratification or water loss takes place. For the indirect measurement 
method, the sensors immersed in the electrolyte are likely to be damaged in 
the long run, and cause problems in using this technique. This technique is 
unsuitable for lithium battery cells. 
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5) Impedance spectroscopy 
Impedance spectroscopy is also used since the behaviour of the inner cell 
impedance has a good correlation with its SOC; this method results in 
acceptable accuracies (errors within ±5%) for nickel/metal hydride cells. 
The main drawback is that the impedance curves are strongly influenced by 
temperature effects; hence the best utilisation of this method is with battery 
cells in environments with temperature-control. This method has been found 
more promising for SOH determination rather than for accurate SOC 
determination. 
6) Internal resistance measurement 
This method is related to impedance spectroscopy; the “resistance” R 
being conventionally defined as R=∆V/∆I, i.e the drop in voltage divided by 
the current change in the same short time interval. The value of resistance is 
highly dependent upon the chosen time interval. In case this time interval is 
below 10 ms, only the ohmic part of the inner impedance is measured, and 
this differentiates this method from impedance spectroscopy. In case the 
interval is longer, other effects such as transfer reactions come into play and 
the resistance becomes complex. This method gives a combination of SOC 
and SOH, although it has been used and discussed mainly for lead-acid 
batteries. 
7) State estimator approach 
State estimators like the Kalman filter, the extended Kalman filter, 
Luenberger’s state estimator, Particle filter, Bayesian Framework etc. are 
techniques to estimate the inner states of a dynamic system. The algorithm 
is used along with a battery cell model, is dynamic and can be used for 
runtime determination of SOC of a cell. However, the technique is 
computationally intensive and requires an on-board processor with a large 
computing capability, and needs a good initial estimate. The technique also 
depends upon accurate determination of model parameters. This technique is 
increasingly being used for lithium cells, especially the LFP chemistry. 
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D. State-of-Health 
First of all, it is necessary to clearly define the State of Health (SOH) 
concept. Due to ageing, the full charge capacity (FCC) may be significantly 
less than the designed capacity (DC), where DC denotes the FCC of a newly 
manufactured battery. Then, SOH is defined as the ratio of FCC of an aged 
battery to its DC. 
The rate of ageing of a battery cell depends upon a number of factors, 
such as the stress the battery has undergone (including the periods of 
charging / discharging), periods of rest, normal working cycle, working 
temperatures, SOC operation window etc. 
E. Methods for determining SOH 
The algorithm for determining the cell SOH is linked to the accurate 
determination of the cell SOC. There are two predominant approaches to 
estimate the SOH of battery cells. 
1)  Using battery impedance measurement 
The ambient temperature affects the battery impedance, especially at low 
frequencies. In environments of uncontrolled temperature, the solution is to 
use high frequency impedance measurement (between 10 and 100 Hz) for 
determination of the ohmic resistance, or its reciprocal which is the 
conductance. In this frequency range, the influence of temperature is less 
than 10% of the absolute impedance/conductance value [67]. At frequencies 
above 10 Hz, the impedance parameter is close to the ohmic resistance of 
the battery cell. 
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2) Using ohmic resistance of a battery 
Ohmic resistance (IR) may be defined as: 
	 = ∆
∆	 	
∆ ≤ 10 
      (5.5) 
i.e. if ∆ is instantaneously measured 
∆ ≤ 10, only the ohmic 
effects are involved. Preliminary studies in using ohmic resistance to predict 
SOH have been successful [74]. 
F. State-of-function (SOF) 
The state-of-function is the figure of merit used to describe the ability of 
the battery to perform a specified function or duty, which is relevant for the 
functionality of the system powered by the battery. It is defined as a 
function of the state parameters (SOC, SOH, temperature) and the short-
term charge/discharge history [8–9]. Some examples of SOF are the 
battery’s cranking capability, i.e. the ability of the battery to supply the 
minimum voltage required for the specified duration of time to crank the 
combustion engine; or the battery’s charge acceptance, i.e. the ability of the 
battery to accept a charging current for a specified duration of time [75]. 
Although a number of authors have defined the SOF as a function of the 
SOC, SOH and temperature, Cugnet et al. [72] have defined it to be the 
product of SOC and SOH, as the ratio of the available battery charge to the 
rated battery capacity. 
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Chapter 6: Experimental 
verification of the electrical 
cell model 
n electric equivalent network model for a rechargeable lithium cell 
(7.4 Ah cell by Kokam of NMC chemistry) was created, and its 
parameters evaluated through experimental tests. This chapter 
presents the algorithm adopted for the experimental evaluation of the model 
parameters. 
A.  Creating the basic structure of the model 
The generic approach presented in Chapter 4 can be applied to any type 
of lithium cell chemistry. The model was validated on NMC lithium cells. 
Since, rechargeable lithium cells have a very high coulombic efficiency 
(>98%), as a first approximation, the parasitic branch of the equivalent 
model of Figure 4.1 was neglected, and an equivalent model of the type 
shown in Figure 4.2 or Figure 4.3 used. 
It is stressed that the unavoidable presence of parasitic reactions (or, 
equivalently of coulombic efficiencies below unity), even in cases which do 
not create visible effects on a single charge/discharge cycle in a single cell, 
surely can, over long periods of time, create uneven charge distribution 
among cells in series, that must be corrected to avoid serious battery 
problems.  
Once the general structure of Figure 4.3 was adopted, the next step was 
to determine the number of R–C blocks to be used, and the expression of 
their dependence over SOC and temperature. It has been shown [76] that the 
A
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model with a single R-C block offers the best trade-off between accuracy 
and parameterisation effort. The choice of the model structure responds to a 
trade-off between the ability to fit experimental data and equivalent circuit 
complexity (and computational resources). An extremely complex 
equivalent circuit would fit experimental data sets well, but would be 
computationally expensive, making it unsuitable for embedded control 
applications. In general, the level of complexity should be limited by the 
computational resources available and the possibility of correlating each 
circuit component with an electrochemical phenomenon inside the cell. A 
model of adequate fidelity is useful for diagnosis purposes, since variation 
of its elements can be linked directly to a physical or electrochemical 
process, such as charge, capacity, or health.  
Depending on the characteristics of the problem to be analyzed, the 
number of R-C blocks typically ranges from one to two, since larger 
numbers increase computational effort without significantly improving 
model accuracy. The choice of using a single R-C block has been made for 
simplicity, with the electric equivalent network representation of the model 
shown in Figure 6.1. 
 
Figure 6.1: Electric equivalent network representation of the model for the 
study 
The mathematical model of the cell is symbolised by this circuital 
representation, coupled with the expressions of capacitance and electrical 
circuit components as a function of temperature and SOC: 
+ 
R0 
V 
+ 
- 
C1 
R1 I1 
Im 
Em 
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 = (,,) 
    (6.1) 
 = 
,, 
(6.2) 
 = (,,) 
      (6.3) 
 = (,,) 
      (6.4) 
 = (,,) 
      (6.5) 
where p=(p1, p2, ....pk) is the vector of constant parameters describing the 
actual behaviour of the considered battery model and specimen. 
The model was completed by the expressions associating battery 
operation with inner temperature (equation 4.1 and 4.2) and those co-
relating discharge processes with SOC (equation 5.2 with 5.3). 
B. Algorithm for determination of model parameters  
In general, the determination of the structure of functions of the type of 
(equations 6.1 to 6.5) can be made by means of comparison between the 
actual and modelled behaviour in a selected number of tests, determining 
functions and parameters, and then evaluation of model performance in 
cases different from those that originally determined it. For instance, in 
tests, the battery current and ambient temperature could be taken as input, 
and battery voltage, inner temperature, and extracted charge as output 
(Figure 6.2).  
In general, the process of model synthesis and parameter evaluations 
requires minimising an error function such as: 
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
,
, =  
(6.6) 
where Xa =(Va,Ta) and Xm =(Vm,Tm) are actual and model quantities 
respectively, and the error function err can be of many kinds, such as, for 
instance:  

,
 =  1  

 − ()


 
      (6.7) 
 
Figure 6.2: The process of model and parameter identification. (inner 
temperature is “starred” since estimated from the case temperature) 
A. Experimental estimation of model parameters 
The next step was to experimentally determine the model parameters. 
The battery was first completely charged, then subjected to constant current 
partial-discharge – rest phase cycles (a single pulse is shown in Figure 6.3). 
At the end of each rest phase the voltage was independent of the previous 
battery current, and was a good indication of battery OCV and SOC. The 
experiment determined the impulse-response of the battery, providing a 
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mechanism to evaluate the parameters for the battery model (result of the 
experiment shown in Figure 6.4). From the knowledge of the current drawn 
from the battery at each step and the value of the corresponding rest voltage, 
a correlation curve between OCV and SOC shown in Figure 6.5 could be 
derived. 
 
 
Figure 6.3: A pulse of the pulse discharge test 
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Figure 6.4: Pulse discharge experimental test to evaluate OCV-SOC 
correlation. Green: current (A); red: voltage (V); abscissa: time (s). 
 
Figure 6.5: OCV-SOC correlation curve for a lithium battery resulting from a 
multiple step discharge test as shown in Figure 6.4. 
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B. Use of the models on different batteries of the same family 
The basic structure of the proposed model is expected to be adequate for 
several lithium chemistries. The model’s adequacy was studied for a 7.2 Ah 
ultra-high lithium-polymer power-oriented cell. The experiments were all 
conducted at the same controlled ambient temperature of 20°C, and 
consequently, in this case, the parameter dependence on temperature was 
not taken into account. Starting from the experimental test based on partial 
step discharges, as shown in Figure 6.4, the process of parameter 
identification described above can be followed, obtaining the following 
expressions: 
C1= 82419(SOC)³ - 119776(SOC)² + 50522(SOC) + 7415.9 
        (6.8) 
R0= 0.0082(SOC)³ - 0,0113(SOC)² + 0.003(SOC) + 0.0114 
         (6.9) 
R1= 0.036(SOC)³ + 0.0551(SOC)² - 0.0251(SOC) + 0.0103 
                  (6.10) 
Em= -0,1558(SOC)³ + 0,625(SOC)² + 0,0776(SOC) + 3,643  
                 (6.11) 
These polynomial expressions, which are functions of SOC were derived 
for the particular battery under test to calibrate the model. The adequacy of 
the experimental model was evaluated by feeding the same current profile of 
the experimental test of Figure 6.4 at a different initial SOC and comparing 
the response of the voltages. This is shown in figure 6.6. 
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Figure 6.6: Comparison between the model and experimental test response 
starting from different initial SOC of 40% and 80% 
After the calibration, the validation of the model was performed by 
taking the current profile of a series-hybrid vehicle following a New 
European Driving Cycle (NEDC) as input and comparing the voltage 
responses, as shown in Figure 6.7. The modelled voltage closely followed 
the one in the experiment, clearly ratifying the adequacy of the 
experimentally derived model. 
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Figure 6.7: Comparison between model and experimental test, NEDC cycle, 
extra-urban part 
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Chapter 7: Development of 
cell model for MATLAB 
SimscapeTM 
he cell model (Figure 6.1) presented in Chapter 6 was developed 
into a model for MATLAB Simscape toolbox. Power-oriented 31Ah 
lithium-polymer cells of the LiNixMnyCozO2 (NMC) chemistry were 
tested to verify the model efficacy at three different temperatures of 5°C, 
20°C and 40°C. Pulse discharge characterization tests were conducted on 
the 31Ah cells at these three temperatures. The cell was initially charged 
and then subjected to partial discharge-rest phase cycles. At the end of each 
one-hour rest the voltage was found to be stable enough so as to be 
considered a good estimate of the OCV. The experiment determined the 
response of the cell to the current pulses, providing a mechanism to evaluate 
the parameters for the cell model (equations 6.2 to 6.5). The SOC was 
derived based on coulomb counting of the current drawn from the cell at 
each step. 
A. Simscape model 
The numerical analysis consisted of a parameter estimation / validation 
stage, and a simulation stage. During parameter estimation phase, a 
discharge profile was iteratively simulated and its results compared with 
experimental data. The equivalent circuit model was created using 
Simscape™. Figure 7.1 represents the circuit diagram with a single RC 
block. Each of the circuit elements was a subsystem consisting of custom 
electrical blocks, and blocks to calculate the properties of the circuit 
element. 
T
Development of cell model for MATLAB SimscapeTM 
 
 
-57- 
 
Figure 7.1: SimscapeTM Equivalent Circuit Model 
The resistive circuit elements were modeled as variable resistors, as 
shown in Figure 7.2. These were modeled on Ohm’s Law, though a 
minimum resistance value was used to prevent the differential equation 
solver from entering a bad state during parameter estimation or simulation. 
 
Figure 7.2: Resistive Circuit Element in Simscape™ 
1
SOC
2
+
1
-
SOC
+
POW
-
R1_LUT
SOC
+
POW
-
R0_LUT
SPS
SO
C +
-
Em_LUT
+
SOC
-
C1_LUT
equations 
if R >  Rmin 
v == i*R; 
else 
v == i*Rmin; 
end 
pow == v*I; 
end 
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The real power of the resistive elements was also calculated for later use 
in simulation of thermal dynamics. The value of the resistance was provided 
by a lookup table as a function of SOC and temperature. 
Since, the performance of lithium cells varies significantly from cell to 
cell, a lookup table approach was preferred over the empirical equation 
approach (typically used for lead-acid batteries). Lookup tables not only 
made the model flexible, but also provided sufficient cell performance 
information about the open-circuit voltage and RC network at each pulse for 
a numerical optimizer to isolate each parameter and each breakpoint within 
the lookup tables. 
For parameter estimation, each temperature was considered 
independently. The lookup tables for each circuit element were chosen to be 
based on 7 different points of SOC, with SOC breakpoints spaced with a 
bias slightly toward low and high SOC. Additional points could have been 
used, but would have provided a diminishing benefit since they would slow 
down the parameter estimation. The discharge pulses of 10% SOC would 
only provide the parameter estimator with good data near 10% SOC 
increments. Excessive breakpoints might have led to having too many 
parameters that were not well exercised in the data, which is a known 
problem when optimizing unconstrained lookup tables. 
 
Figure 7.3: SimscapeTM charging circuit  
The parameters were determined using the parameter estimation tool in 
Simulink Design Optimization™. To enable the estimation, the Simscape™ 
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equivalent circuit model was connected to a simple charging circuit model 
using an ideal current source and a voltage sensor, as shown in Figure 7.3. 
The estimation was automated using the command line parameter estimation 
capability. 
 
Figure 7.4: Flow diagram of the parameter estimation procedure 
The constant current pulse discharge curve for each temperature was run 
individually through an estimation task. This produced a set of one-
dimensional lookup tables versus SOC for the four parameters at each 
temperature. To produce these lookup tables, the process was iteratively 
simulated the discharge profile in Simscape™ while comparing the 
simulation results with experimental data. The nonlinear least-squares 
algorithm was used. This algorithm computed the error gradient across each 
of the 28 parameters (4 tables * 7 breakpoints) to minimize the sum of 
squared error. The flow diagram of Figure 7.4 illustrates the parameter 
estimation steps. 
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Figure 7.5: Experimental (- . -) and simulated (-) discharge curves for a 31Ah 
cell at 20°C at the end of the estimation process. The cell under test shows first-
order dynamics, which is effectively captured by the equivalent circuit 
simulation. The cell potential (top) drops with decreasing SOC (bottom), as the 
cell is discharged with a set of 31A pulses (middle). 
Repeating this process at three different temperatures (5°C, 20°C, and 
40°C) resulted in four sets of data that characterized the cell chemistry under 
consideration: Em (SOC,T), R0 (SOC,T), R1 (SOC,T), and C1 (SOC,T). 
These values, in addition to a linear interpolation process, constituted the 
two-dimensional look-up tables that determined the values of the equivalent 
circuit elements during the simulation stage. The resulting model assumed 
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that cell impedance did not change significantly due to the magnitude of the 
discharge current. 
Figure 7.5 shows the agreement between experimental and final 
simulated voltage, current, and SOC, at 20°C. The simulation reproduced 
the nine discharge pulses and was able to keep track of the reduction in 
OCV as the cell discharged. The inset illustrates the capability of the 
optimizer to capture the dynamics of the system. The remarkable agreement 
with which such a simple equivalent circuit was able to simulate cell 
behavior made this approach especially suitable to develop control 
algorithms and system level models.  
B. Look-up Tables 
Figure 7.6 to Figure 7.9 show the result of the parameter estimation 
procedure. These values constitute the look-up tables for the non-isothermal 
model. Figure 7.6 shows how the e.m.f., represented here by the voltage 
source Em, strongly depends upon the SOC, while being largely independent 
of temperature.  
Figure 7.7 to Figure 7.9 show the variation of R0, R1 and C1 with 
temperature and state of charge. 
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Figure 7.6: Electro-motive force (Em) as a function of T and SOC. 
Temperature dependence is minimal compared to SOC dependence. 
 
 
Figure 7.7: Ohmic internal resistance R0 shows much stronger dependence on 
temperature than on SOC, suggesting ion movement across the separator as 
responsible for this component of energy losses. The resistance decreases for 
high temperatures. 
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Figure 7.8: R1, the resistive component of the RC element, appears to converge 
at SOC=100% 
 
 
Figure 7.9: The capacitive component of the RC element seems to depend on 
temperature. 
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C. Validation 
 
Figure 7.10: Validation. Top to bottom: Speed: vehicle speed during modified 
New European Drive Cycle.  SOC: simulated state-of-charge. Current: 
electrical current of HEV following the New European Driving Cycle. Voltage: 
Experimental (dashed red) and simulated (solid black) potential (V) evolution 
as a result of the input. |error|: voltage discrepancy between model and 
experiment (%). 
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Validation of the proposed approach required comparison with an 
independent set of experimental data. The data used was obtained by 
simulating a series-hybrid electric urban vehicle (with a maximum speed of 
22.22 m/s) running on a modified New European Driving Cycle (NEDC), 
where the average power for propulsion was delivered by the ICE, and the 
battery provided the difference between the average power from the ICE 
and the power requested by the driver. The current profile for a cell from the 
battery pack is shown in Figure 7.10 and was used to validate the model. 
The voltage plot of this figure shows the simulation result and the 
experimental measurement for the voltage delivered by the cell. The error 
graph shows the percentage difference between these voltages, which 
remains below 2%. Figure 7.11 shows a close-up view of the voltage 
difference enduring the latter part of the 20-minute cycle. 
 
Figure 7.11: Voltage discrepancy at end of New European Drive Cycle. 
The experimental conditions for this measurement were: T = 20ºC, and 
initial SOC = 45%. Figure 7.10 also shows the speed profile and online state 
of charge estimation computed solely by coulomb counting. During the rest 
period after the cycle, the SOC could be corrected using the SOC-OCV 
correlation from the lookup tables in this model. Techniques such as the 
extended Kalman filter approach [77-79] could enhance the SOC correction. 
D. Simulation 
The isothermally-validated model can now be expanded to consider 
thermal effects. Additions to the model that allow this expansion include: 
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• Convective heat exchange between the cell and the environment 
• Calculation of heat losses due to internal resistances 
• Thermal mass of cell assembly 
• Two-dimensional look-up tables for equivalent circuit elements. 
 
Figure 7.12: Temperature increase for a constant current discharge of 3000 sec 
at 31 A. 
An interesting example of application for this model is the calculation of 
the temperature build-up during a constant current discharge. Figure 7.12 
shows the temperature evolution for the following constant current 
discharge situation: 
• Current discharge: 31 A 
• Ambient temperature: 20ºC 
The resulting temperature increase in this situation was approximately 
16ºC. The thermal parameters utilized in this simulation were: 
• Convective heat exchange coefficient between the cell and the 
environment RT= 5 W m-2 K-1 
• Cell heat capacity CT= 2.04×106 J m-3 K-1 
• Cell dimensions: 0.0084×0.215×0.22 m3 
The convective heat transfer coefficient must be set based on the 
experimental conditions or design requirements.  
For integration into system level models, the ambient temperature can be 
easily set as an input variable that accepts a temperature reading from other 
part of the model, for example a thermodynamic model of a hybrid vehicle. 
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Chapter 8: LFP cell: Model, 
parameter evaluation and 
other issues 
he LFP cell is fast gaining popularity as the chemistry of choice for 
vehicular applications. This chapter examines the various issues 
related to the LFP cell, including the electric equivalent network 
model, its parameter evaluation and other characteristics typical of LFP cells 
such as hysteresis and low temperature performance. This work was 
performed under the Hybrid Commercial Vehicle (HCV) Project funded by 
the European Union’s 7th Framework Programme to develop series hybrid-
electric passenger buses, trucks and small delivery trucks for a consortium 
led by Volvo, IVECO, DAF and Solaris. The work at the University of Pisa 
involved proposing a lithium-cell model and algorithm for run-time 
estimation of the SOC and SOH on-board the hybrid vehicle. The work 
mostly revolved around modelling and testing an A123 4.4Ah cell of the 
LFP chemistry. 
A. LFP cell model and evaluation of model parameters 
Use of one and two R-C blocks in the general structure of Figure 4.3 is 
usual in literature for LFP cells. A single R-C block, as shown in Figure 8.1 
was adopted, consistent with the model used for the NMC chemistry. 
Experimental evaluation of the model parameters was carried out at 
+40°C, +20°C, 0°C, -10°C, -15°C and -20°C using the same pulse charge-
discharge test method as was used for the Kokam NMC cells (Chapter 6). A 
cell was completely charged, and then subjected to constant current partial 
discharge/rest phases till it was completely discharged. Then the cell was 
T
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given constant current partial charge/rest phases till it was completely 
charged. The safe limits of 2.2V for discharge and 3.6V for charging a cell 
were observed. Figure 8.2 depicts the multiple step test procedure adopted. 
 
Figure 8.1: Electric equivalent network with single R-C block as model for 
LFP cell 
However, the LFP cell presents the following three important drawbacks 
for the coulomb counting method corrected with the OCV-SOC correlation 
curve to be used for runtime evaluation of the SOC of the cell. 
• long relaxation time 
• marked path-dependence (hysteresis) 
• very flat OCV-SOC correlation curve 
Figure 8.2 also highlights the abnormally long relaxation time for the 
LFP cell to stabilise at its OCV at full charge. As seen, even after 13 hours, 
the voltage of the cell is still relaxing. 
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Figure 8.2: Current and voltage plots with time for a multiple step test; inset: 
the long relaxation time for the open circuit voltage to stabilise 
This also complicates the evaluation of the model parameters, as the 
basic assumption made for the multiple tests was that the cell would reach 
its open circuit voltage (OCV) after a reasonable period of rest, assumed to 
Voltage 
relaxation 
in 2 hours 
Voltage 
relaxation 
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be 60 minutes. Hence, all measurements of the OCV were assumed to be 
correct after a rest of one hour. However, for the LFP cell, the cell voltage 
does not relax even after an extended period of over 13 hours of rest. 
However, it was found that the voltage relaxation time was considerably less 
between the 30-70% SOC window, compared to when the SOC was 0% or 
100%.  
As a consequence of the extremely high current capability of these 
power-oriented LFP cells, which are capable of delivering and accepting 
over 30 times their one-hour rated current, the errors in the current 
measurement and noise etc. in the integration of the current would be 
enhanced significantly. Hence, this rest time must occur fairly frequently (at 
most every one or two hours) for the error correction to take place. This 
presents the first difficulty in applying the Ah counting technique for SOC 
evaluation, as frequent rest periods for a vehicle duty cycle is extremely 
uncommon. 
 
Figure 8.3: Hysteresis decreasing with rest between pulses in the multiple step 
test conducted on the LFP cell at 20°C 
The second problem that needs to be overcome while estimating the SOC 
online is the marked hysteresis that the LFP cells exhibit. In fact, the 
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hysteresis is also related to the relaxation time, with the level of hysteresis 
decreasing with the rest period, as seen in Figure 8.3. 
The third drawback (as seen in Figure 8.4) is the very flat OCV-SOC 
correlation curve, especially in the SOC window of 35%-75%. As a 
consequence of these three drawbacks, the LFP cell would need a more 
sophisticated technique based on state estimators (as explained in Chapter 5) 
like an extended Kalman filter to correct the initial estimate from a coulomb 
counter for runtime estimation of the SOC. However, the technique needs to 
be adequately corrected for hysteresis. Using a 60 minute rest between 
pulses, the model parameters were evaluated at six different temperatures 
(+40°C, +20°C, 0°C, -10°C, -15°C and -20°C) and show dependence on 
both temperature and SOC, as presented in Figure 8.5 to Figure 8.8. 
 
Figure 8.4: Flat OCV-SOC correlation curve for LFP cells evaluated from a 
multiple step test at 20°C with 3 hour rests between pulses 
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Figure 8.5: Variation of Em with State of Charge. 
 
Figure 8.6: Variation of R0 with State of Charge. 
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Figure 8.7: Variation of C1 with State of Charge. 
 
Figure 8.8: Variation of R1 with State of Charge. 
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B. Low temperature performance 
Another difficulty of the LFP cell is presented by its inability to match 
the final energy storage system characteristics, especially at low 
temperatures. Hybrid vehicle batteries require both high power charge 
(regenerative braking) and discharge (launch assist or boost) capabilities. 
For this reason, its batteries are usually maintained at an SOC that can 
discharge the required power but still have enough headroom to accept the 
necessary regenerative power. It is anticipated that the SOC of the hybrid 
vehicle would remain between 50-70% window, and the vehicle would rest 
for 8 hours at night (at the atmospheric temperature) before being brought 
into operation again the next day. An experimental test was designed and 
conducted to verify the ability of the 4.4Ah cell to deliver and accept a 
power of 125W (as against the nominal discharge power of 550W stated on 
the specification sheet by the manufacturer) in a 10 second pulse by a 38A 
current, which was 8.6 times its nominal current capability at low 
temperatures to validate the performance of the A123 LFP cells in the low 
temperature region of the operating temperature range provided by the 
manufacturer. The test scheme was as under: 
• Cell is brought to an SOC between 50-70% (set at 60% for the test) at 
23°C. 
• The temperature is set at the desired level, and the cell is allowed to 
remain at the temperature for 8 hours. 
• A discharge and a charge pulse of 38A for 10 seconds each at an 
interval of 30 seconds are applied. 
• The discharge was programmed to be stopped in case the cell voltage 
dropped below 2.7V. The voltage limit for the charge pulse was set at 
3.6V. 
The test was conducted for temperatures set at 20°C, 0°C, -10°C, -15°C 
and -20°C. The results of the tests are shown in Figure 8.9, which show that 
the 4.4Ah LFP cell is unable to accept charge at 0°C (and temperatures 
below) and deliver charge at -10°C (and temperatures below) for a 10 
second discharge and charge pulse of 38A. At 0°C, the cell demonstrated 
the required discharge capability, but was unable to charge as the cell 
voltage breached the upper limit of 3.6V. At -10°C, -15°C and -20°C, the 
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cell was unable to deliver the required power in both discharge and charge. 
The test results at -20°C were the same as that at -10°C and -15°C and hence 
have not been shown. It is to be noted that during charge at -10°C, -15°C 
and -20°C the current did not reach the required value of 38A due to the 
voltage limitation. The charging hardware automatically limited the charge 
current to avoid cell damage; while the charging phase is not immediately 
stopped so that the shapes show what happens. The delay between reaching 
of cell voltage limitation and actual stopping of the current is around half a 
second. 
Figure 8.9: Results of the peak power test at different temperatures for the 
LFP chemistry.  
C. Compensating for hysteresis and voltage relaxation time in model 
The electric equivalent network model with a single R-C block of Figure 
8.1 needs to be adequately enhanced for the phenomena of hysteresis and 
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long voltage relaxation time exhibited by the LFP chemistry. This could be 
done by introducing a factor for hysteresis, h(SOC), and another factor, fr(t), 
to compensate for voltage relaxation and proposing the equation as under: 
 = (	) + 
)(+ 
() 1 −    ()	 ≠ 0	+ 
ℎ	 1 +    + 	()																												 = 0 
   (8.1) 
where, 
C1, R0, R1 are cell parameters (Figure 8.1) 
Em  is the cell electromotive force and can be considered the 
OCV of the cell at rest 
fr(t)  is a factor for voltage relaxation as a function of time at rest 
h(SOC) is the hysteresis in the cell which depends upon the SOC 
sgn  depicts the direction of flow of current (discharge is 
positive, charge is negative) 
V(t)  is the output voltage from the cell 
There are many ways of quantifying the hysteresis in literature [78, 80-
81]. A common technique adopted is taking half the difference of the rest 
voltages at charge and discharge, compensating for the voltage drop due to 
the cell internal resistance (R0+R1) as described in [78].  
The factor for voltage relaxation can be expressed as: 
 =  ∆
∆	 ,			0 <  < 	,			|| ≤ ∆ 
       (8.2) 
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where, ∆V represents the change in the cell voltage with relaxation and 
the time ∆Tmax represents the maximum time taken by the cell to reach its 
OCV. It may be noted that this factor assumes a linear change in the voltage 
of the cell with relaxation time. The factor could also be defined to represent 
a non-linear behaviour depending upon the cell chemistry. 
 
Figure 8.10: Hysteresis in the LFP cell (OCV vs. SOC) 
 
 
Figure 8.11: Hysteresis voltage vs. SOC for the LFP cell tested 
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This approach at modelling the hysteresis has problems at SOC values 
higher than 90%, where the level of hysteresis voltage reaches high 
proportions due to its chemistry. This model can be combined with an 
adaptive state estimator technique such as the extended Kalman Filter to 
estimate the SOC at run-time. 
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Chapter 9: The extended 
Kalman filter approach for 
LFP chemistry 
his chapter looks at the extended Kalman filter approach to 
estimating the inner state variables of the battery cell. This approach 
is one of the many adaptive state estimation techniques (such as 
Kalman filter, Luenberger’s state estimator, Particle filter, Bayesian 
Framework etc.) and is increasingly being adopted for the LFP chemistry, in 
view of the difficulties presented by the chemistry as highlighted in Chapter 
8. 
The Kalman filter [77-79] is an optimum state estimator for linear 
systems. However, nonlinear systems, such as LFP cells, need a 
linearization process at every time step to approximate the non-linear system 
with a linear time varying (LTV) system. This LTV is then used in the 
Kalman filter to produce the extended Kalman filter on the true nonlinear 
system. This provides an elegant method of estimating the inner ‘state’ of a 
system, based on measuring its outputs that are some function of its past and 
present inputs. The inner ‘state’ may not be directly measurable (such as 
SOC, hysteresis, cell relaxation dynamics etc.). The present system output 
can be evaluated using only the present input and present state, without 
storing the past inputs. 
T
The extended Kalman filter approach for LFP chemistry 
 
 
-80- 
A. Kalman filter technique 
uk Bk Unit delay 
xk+1 
wk 
xk 
Ck 
vk 
yk 
Dk 
Ak 
State equation Output equation 
 
Figure 9.1: Block diagram of the Kalman filter in state-space form 
The general framework of the Kalman filter consists of two equations: 
 =  +  +  
       (9.1) 
 =  +  +  
       (9.2) 
Here, xk is the system state vector at time index k, and equation 9.1 is 
called the state equation or process equation as it captures the system 
dynamics. The input to the system is uk which is known or can be measured. 
However, the measurement could result in errors, assumed to be stochastic 
process noise, wk, which cannot be measured and affects the state of the 
system. 
Equation 9.2 models the output of the system yk, in terms of the input, 
the state vector and the noise in the measurement of the output, vk. This 
equation is also called the measurement equation or the output equation. 
Both wk and vk are assumed to be mutually uncorrelated white Gaussian 
random processes with zero mean and covariance matrices of known values. 
The equations are initialised by setting the following at k=0 
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 = E[] and 
 =
	,
E[( − )( − )
] 
        (9.3) 
where, the superscript T refers to the transpose of the matrix. For 
k=1,2,3… the following computations are made: 
State estimate time update: 
 =  +  
      (9.4) 
Error covariance time update: 
 =
	,
 
 +
	,


 
  (9.5) 
Kalman gain matrix: 
 =  

	,
[ 

	,
+  ]


 
      (9.6) 
State estimate measurement update: 
 =  + [ −  − ] 
       (9.7) 
Error covariance measurement update: 
 =
	,
( − ) 	
	,
 
       (9.8) 
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The linear discrete-time Kalman filter computes two estimates – an a 
priori estimate, , based on the prior state estimate computed in the 
previous iteration,  . This estimate is computed before any system 
measurements are made and is denoted with a superscript “−”. After the 
system measurements of the input uk and output yk , the second estimate .is more accurate and is denoted with a superscript “+”. Thus, at every 
measurement interval, the Kalman filter first predicts the value of the 
present state, system output and error covariance: and then corrects the state 
estimate and error covariance. The prediction step is called the time update 
while the correction step is also known as the measurement update. The 
error difference between the predicted output and the actual output 
represents the new information and is called the innovation process.  
The Kalman filter then optimises the minimum squared error estimate  
of the true state xk for the entire set of observed data {u0, u1…uk} and {y0, 
y1…yk} by solving: 
 = arg min E[( − )
( − )] for all inputs   
      (9.9) 
B. Extended Kalman filter 
As explained above, since the Kalman filter can only be used on linear 
systems, for nonlinear systems, the extended Kalman filter (EKF) is used by 
using a linearization process. The nonlinear system is depicted as: 
 = ( ,) +  
      (9.10) 
 = ( ,) +   
      (9.11) 
where, wk and vk are white Gaussian stochastic processes with zero mean 
and covariance matrices Σw and Σv respectively. The functions f(xk, uk) and 
g(xk, uk) are linearized using a Taylor-series expansion, assuming that they 
are differentiable at all operating points. 
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Here, the elements of the state vector matrix are defined as: 
 = ( ,) 

 , 

 =
( ,) 

 
    (9.12) 
The nonlinear state space model can be expressed as: 
 ≈  +  , −  +  
      (9.13) 
 ≈  +  , −  +  
      (9.14) 
The terms  , −  and  , −  replace the terms  and  in the standard Kalman filter. The initialisation of the 
equations at k=0 are made as follows: 
 = E[] and 
 =
	,
E[( − )( − )
] 
                  (9.15) 
where, again the superscript T indicates the transpose of the matrix. For 
k=1,2,3… the following computations are made as follows: 
State estimate time update: 
 =  , 
      (9.16) 
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Error covariance time update: 
 =
	,
 
 +
	,


 
      (9.17) 
Kalman gain matrix: 
 =  

	,
[ 

	,
+  ]


 
      (9.18) 
State estimate measurement update: 
 =  + [ − (,)] 
       (9.19) 
Error covariance measurement update: 
 =
	,
( − ) 	
	,
 
       (9.20) 
The above set of equations can be used to estimate the inner state vector, 
such as the SOC. The two important drawbacks of this technique are that it 
is computationally intensive and needs a good initial estimate. 
C. Applying the extended Kalman filter to the single RC block model 
The single RC block electric equivalent network model was slightly 
modified to evaluate the extended Kalman filter approach as shown in 
Figure 9.2 by introducing a capacitance CQ representing the main charge in 
the cell and Rsd, representing the self-discharge resistance of the cell. The 
voltage across the capacitor VCQ is a suitable indicator of the SOC of the 
cell, while the value of CQ indicates the SOH of the cell. Here, the 
dependence of the capacitance CQ with number of charge / discharge cycles 
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of the cell (ageing) has been neglected. The current and voltage measured at 
the terminals are It and Vt.  
 
Figure 9.2: Electric equivalent network model with single R-C block for LFP 
cell for evaluating the extended Kalman filter approach 
The differential equations representing the system are: 
 =
 −   
      (9.21) 
 =  −   
      (9.22) 
which can be written in the state space form as: 
 = − 1  +
1
  
      (9.23) 
 = − 1 +
1
  
      (9.24) 
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Representing them in matrix form, 
 =  !
!!
"− 1 0
0 −
1
#$
$$
%
&' +  !
!!
" 1
1
 #$
$$
%
() 
      (9.25) 
which is in the form, () = () + () 
The output equation is as follows: 
 =  +  +  
      (9.26) 
which can be expressed in matrix form as: 
() = *1 00 1+ &
' + ()() 
      (9.27) 
which is in the form, y(t)= () + () and can be evaluated. 
The LFP cell was repeatedly charged and discharged between 7% and 
90% SOC. The cell model was simulated in MATLAB Simulink and 
compared with the measured experimental values to evaluate the 
performance of the filter. 
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Figure 9.3: Experimental and estimated SOC using EKF with charge/discharge 
cycles 
As seen from Figure 9.3, with time, the EKF provides a fairly accurate 
estimate of the simulated SOC even though the initial estimates had 
significant errors (Figure 9.4). 
 
Figure 9.4: Error in the estimation of the SOC vs. time for the LFP cell using 
the EKF 
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Figure 9.5: Error in the estimation of the OCV with charge/discharge cycle 
time using EKF 
Thus, even though the initial estimates for the parameters are highly 
erroneous and there are errors and noise in the measurement of the cell 
current and voltage, the EKF quickly converges to a close neighbourhood of 
the accurate values, although it never actually converges to the exact values 
due to the unmeasured noise driving the system. 
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Chapter 10: Systematic 
development of series-hybrid 
bus through modelling 
ith growing concern for environmental problems amongst 
governments and international policy formulation agencies, 
more stringent standards for fuel consumption and emissions 
have been developed. Vehicle manufacturers have focused their attention on 
development of hybrid and electric versions of their vehicles. These vehicles 
have advanced power-trains for efficient utilisation of energy. Electric 
vehicles (EVs) appear to be the best way out as they imply reduced oil 
consumption and zero in-situ emissions. However, factors such as high 
initial cost, short driving range, and long charging time are major 
limitations. Hybrid electric vehicles (HEVs) were developed to overcome 
the limitations of internal combustion engine (ICE) vehicles and EVs. An 
HEV combines a conventional propulsion system with an energy storage 
system and an electric drive. When driven in the electric mode, HEVs are 
zero emission vehicles (ZEVs). HEVs have an improved fuel economy, 
compared to conventional ICE vehicles, and have a longer driving range 
than EVs. Hybrid electric systems are broadly classified as series or parallel 
hybrid systems. In the series hybrid system all the torque required for 
propulsion is provided by an electric motor, while in the parallel hybrid 
system, the torque obtained from the ICE is mechanically coupled to the 
torque from the electric motor [82-84]. The series HEV solution is 
commonly chosen for hybridising buses [85], because of the inherent 
characteristics of this power train scheme. 
W
Systematic development of series-hybrid bus through modelling 
 
 
-90- 
This chapter presents a systematic development of a complete line of 
series-hybrid and electric versions of existing city buses for the Italian bus 
manufacturer, Bredamenarinibus (BMB) [86], through modelling. The 
models were made both using a commercial software, LMS Imagine.Lab 
AMESim® [87] (AMESim), and a custom-built package using Matlab 
Simulink™ [88] (Matlab). AMESim stands for Advanced Modelling 
Environment for performing SIMulations of engineering systems. 
To inspire confidence in the quality of the models, first the existing bus 
was modelled and validated by matching the simulation results with the 
results on actual tests conducted on the existing bus. After confirming the 
parameters, models were developed for the series-hybrid versions of the bus. 
These were simulated on duty cycles of the cities where the buses are 
planned to be deployed. 
D. Modelling & validation of existing buses 
1) Model of existing buses 
 
Figure 10.1: The model of the existing bus on LMS Imagine.Lab AME Sim ® 
Some of the existing BMB buses modelled are shown in Table 10.1. 
Figure 10.1 depicts the model of the existing bus made using AMESim. 
Sub-models were made for the ICE, the automatic gearbox and the auxiliary 
load. The output from the ICE is given to the automatic gearbox and the 
auxiliary load. The automatic gearbox drives the wheels, and the feedback 
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from the wheels (i.e. the difference between the desired speed and the actual 
speed) guides the response of the driver based on the required duty cycle. 
The model was configurable for different types of buses having different 
auxiliary loads and running on different duty cycles. 
In order to evaluate the true benefits of the series-hybrid and electric 
buses (which were to be developed), we needed to benchmark them against 
the fuel efficiency of the existing buses based on a standard duty cycle. Fuel 
consumption values of the existing buses on the Standardised On-Road Test 
SORT1 (shown in Figure 10.2) cycle were provided by BMB.  
Table 10.1: Some BMB vehicle modelled  
 Bus Models 
Vivacity M Avancity L Avancity S 
Length 9 m 12 m 18 m 
Mass of bus (trial) 9.67 Mg 14.35 Mg 20.99 Mg 
Mass of bus (full) 13.29 Mg 17.08 Mg 25.06 Mg 
Engine manufacturer Deutz Deutz MAN 
Engine capacity 4.8 x 10-3 m3 7.2 x 10-3 m3 10.6 x 10-3 m3 
Max Power 158 kW 213 kW 235 kW 
Torque 800 Nm 1200 Nm 1600 Nm 
Consumption 
SORT1 cycle 
(trial load) 
44.65 x 10-3  
m3/100 km 
49.66 x 10-3 
m3/100 km 
63.49 x 10-3  
m3/100 km 
These tests were carefully carried out by TÜV Italia [89] along with the 
manufacturer. The SORT cycles were developed by the International 
Association of Public Transport (UITP) Bus Committee [90] for buses 
running on heavy urban, easy urban and suburban circuits and are an 
indispensable reference point for bus transport when assessing energy 
choices and the effectiveness of any measure put in place. 
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Figure 10.2: The SORT1 standard cycle: speed profile 
SORT provides realistic measurements as tests are carried out on-road 
and it applies to a bus and not a single engine block in a laboratory. 
Different buses can be compared using the same basic test method and 
protocol. 
2) Validating the model 
II.  
III. Figure 10.3: The power flows in the model from the ICE to wheels 
through the torque converter and gearbox 
BMB put at disposal of the study basic data about the bus, including 
some data on the engine and automatic gearbox. The buses employ diesel 
engines by major European automotive industries, while ZF is the automatic 
gearbox supplier. It also provided the actual duty cycles of its buses running 
in cities where the hybrid versions of its bus are planned to run. However, 
accurate data about the power absorbed by the auxiliary load was not 
available. The simulation results of the model were validated against the 
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actual SORT1 cycle test results supplied by BMB. All the existing BMB 
urban buses were modelled and their simulation results compared with the 
test results given by BMB. 
The notable feature of the model was its ability to succinctly and 
accurately reproduce all the results observed in the actual tests, including 
fuel consumption figures for the SORT1 cycle. Figure 10.3 shows the result 
of the power flow from the ICE to the wheels. A part of the power from the 
ICE is absorbed by the auxiliaries. The remaining power goes to the torque 
converter, then to the gearbox and finally to the wheels. The loss of power at 
each stage was clearly emulated by the simulation.  
It was noted that the simulations on the model matched these results to a 
very good degree, together with validation of the parameters used, including 
the fuel map. Once validated, the power requirement of the auxiliary load 
for each of the buses was accurately ascertained. 
E. Modelling the series hybrid buses 
The ICE of the conventional vehicle is sized for the maximum power and 
torque requirements since it is the only source to meet the power and torque 
requirements of the wheels. Apart from disadvantages like higher size, 
weight and cost, the ICE needs to operate at inefficient parts of the Brake 
Specific Fuel Consumption (BSFC) map, thereby consuming higher fuel. It 
would be more energy efficient, if the ICE operated only at the most 
efficient parts of the BSFC map. Secondly, conventional vehicles do not 
have the ability to recuperate braking energies. Instead, hybrid propulsion 
systems employ a Rechargeable Energy Storage System (RESS), which 
stores energy (either from braking or from the primary converter) that is 
later used for propulsion; and could employ an ON/OFF strategy [91] for the 
primary converter, which works to switch off the ICE when the vehicle is 
stationary (bus stops, traffic signals or jams etc.), to enhance the comfort of 
the passengers by eliminating noise and pollutant emissions. In this chapter, 
the authors employed the ON/OFF strategy. 
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1) The series hybrid propulsion architecture 
The series-hybrid propulsion architecture adopted for this study is shown 
in Figure 10.4, with the arrows along the power fluxes showing the actual 
directions when the numerical values are positive. 
 
Figure 10.4: Principle scheme of a series-hybrid vehicle drive-train 
The ICE is coupled to an electrical generator (EGS). The presence of a 
storage system (RESS) provides the vehicle flexibility in sharing the power 
required for propulsion. This management is carried out by the on-board 
Power Management Module (PMM), which continuously monitors the load 
requirement and decides how to share the power amongst the two sources 
according to predefined goals (typical goal is vehicle efficiency 
maximization). 
2) Sizing of components of the series hybrid propulsion system 
An efficient series-hybrid electric propulsion system requires optimal 
sizing of all its components. Models of the series-hybrid bus were built on 
both AMESim and Matlab. The results of simulation were comparable, 
which gave the authors confidence in the quality of the modelling. 
All subsystems were modelled weighing the accuracy and complexity for 
the purpose considered. In particular, since the fastest transients useful to 
globally size the hybrid drive train have constant times of the order of 100 
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ms, much faster phenomena, such as combustion dynamics or valve 
switching inside electronic converters, were considered to be algebraic. 
Primary converter 
 
Figure 10.5: Series-Hybrid bus model in AMESim®. 
 
Figure 10.5 depicts the simulation scheme in AMESim. The main 
subsystems were: 
• Internal combustion engine (ICE), the main source for the vehicle 
energy propulsion. The model for the ICE used the BSFC maps. The 
model could emulate the engine torque, mechanical power, engine 
efficiency, fuel consumption, emissions and engine speed. 
• Electric generator (EGS) coupled to the ICE that generated electricity 
available for propulsion. 
• Rechargeable energy storage system (RESS) that could be composed of 
devices such as electrochemical batteries, supercapacitors, fly-wheels 
etc. The authors modelled the RESS with a lithium ion battery, 
considering its good performance in terms of power density and energy 
density. 
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• Auxiliary electrical load (AUX) that could be lights, the control system, 
the air-conditioner etc; 
• Electric Drive (ED), to provide power and torque to the wheels and also 
to produce regenerative power, consisting of an electric motor and a 
power controller; and 
• The vehicle, which also contained sub-systems for mechanical 
transmission and vehicle dynamics. The final drive consisted of a fixed 
gear ratio driven by the traction motor. Mechanical equations describing 
the vehicle longitudinal behaviour was used. 
Each sub-model was carefully constructed to be able to accurately 
emulate experimental results. e.g. the model for the electric motor/generator 
needed parameters in a file defining the lost power vs. the torque and the 
rotary velocity. The model of the battery needed data files listing the 
internal resistance vs. the depth of discharge. Similarly, the complete BSFC 
maps were fed to the ICE sub-model, and the model could determine the 
most efficient operating line, for the each level of power demanded. Efforts 
were made to model realistic sub-systems, building in parameters for 
efficiencies. 
The PMM was the most critical element in the model. It was 
programmed to determine the most optimal way to meet the driver’s 
requirements for power while utilizing the two energy sources of the 
vehicle. The authors employed the forward approach for this model, which 
was:  
• a driving duty cycle (called mission profile in the program) fed to the 
driver block. 
• the driver block converted the reference speed into commands for the 
PMM.  
• the PMM determined the most optimal strategy based on the 
instantaneous power demand levels, and feedback from key parameters 
of the ICE, EGS, RESS and ED.  
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3) Possible energy management strategies 
In a series hybrid solution, all power for traction is electric. The sum of 
energies of the two (or more) power sources in the series-hybrid vehicle is 
usually depicted as a DC bus. Power needed for the traction and auxiliaries 
is taken from this DC bus. 
The fundamental role of the PMM is to interpret driver’s commands, and 
accordingly determine which part of the requested propulsive power would 
be delivered by the EGS and which by the RESS.  
In other words, the PMM determines how to decompose the quantity 
PED(t) into PEGS(t) and PRESS(t) using an algorithm: 
,() = ,() + ,() 
      (10.1) 
This degree of freedom could be used to minimize an objective function 
that could be fuel consumption. The relationship (8.1) is guaranteed by the 
physics of drive train. A possible control strategy could be:  
PED(t) is determined to answer the driver’s commands as closely as 
possible. It could be considered a direct consequence of trip characteristics, 
vehicle mass and power losses in the ED. 
PEGS(t) is determined by PMM according to some optimization rule (that 
will be discussed later). 
PRESS (t) is automatically determined by difference. 
The user load PED draws the main focus in this control strategy, while the 
power generation from fuel; PEGS; is given a supporting role. This control 
strategy (described in detail in [92], [93]) is very often used in a hybrid 
vehicle, and is also adopted for this study. The useful power that goes into 
the load PED(t) could be imagined to be constituted by an average value and 
a ripple. Eq. (1) is thus modified as follows: 
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,() = ,() + -() 
      (10.2) 
It is possible to control the system such that the quantity r(t) is 
completely delivered by PRESS (t), and does not form part of the primary 
converter: 
, = -, ⇒			, = , 
      (10.3) 
Hence, the ICE delivers only the average power requested by propulsion, 
leaving the RESS to deliver the rest. 
The strategy presented above requires a consideration (even 
approximate), of the future system load, i.e. the future behaviour of the 
power demand PED (t), which is a function of the driver’s request for torque 
and the vehicle duty cycle. The approximate level of power needed by the 
vehicle in future could be obtained by multiplying the past history of PED (t) 
with a simple filter, e.g: PEGS (t) is the output of a filter having as input PED 
(t) and as a transfer function 1/(1 + .). 
, = 1. / ,0


 
      (10.4) 
In both cases a suitable value for τ needs to be chosen.  
After determining PEGS (t), an internal algorithm was used to choose the 
optimal values of the ICE rotary velocity (Figure 10.6), corresponding to the 
minimum fuel consumption. More details on possible hybrid vehicle energy 
management strategies can be found in [62] & [96-98].  
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Figure 10.6: Output of the internal optimisation algorithm: the optimal values 
of the ICE angular velocity are reported directly on the engine map 
F. Results 
The objective of the study was the sizing of a complete line of series-
hybrid buses for BMB to augment their conventional buses. The propulsion 
system sizing was sized in accordance with the boundary conditions 
regarding performance of the vehicle at full load. 
1) Level road 
a) max speed: 22.22 m/s 
b) pure electric mode on urban cycles (22% of the total time), as a 
zero emission vehicle (ZEV) 
2) Road with 16% gradient 
c) max speed: 2.78 m/s (range 500 m) 
1 9
4 .
0 0
0 0
8
1 9 6
19
6
19
8
19
8
19
8
20
0
200
20
0
20
0
20
2
202
202
20
2
20
4
20
4
204
20
4
20
4
20
6
206
206
20
6
20
620
8
20
8
208
208
208
208
21
0
21
0
210
210
210
10
21
2
21
2
212
21
2
21
2
212212
212
21
4
21
4
214
214
21
4
214
214214
216
216
21
6
216
21
6
218
218
218
21
8
218
220 2
20
220
22
0
220
222
222
22
2 222
224
224
22
4
22
4
226
226
22
6 22
6
228
228
228
228
30
230
230
23
0
32 2
32
232
32
234 234
234
23
4
236 236
236
23
6
238 238
238
40 240
240
240
42 242
242
244 244
244
6 6
246
248 248
248
250 25
0
250
260
260
260
270 270
270
8 280 28
0290 290
290
300 3 0 300350 350 350400 400 400450 450 450500 500
500550 550 55
0
600 600 600650 650
650
700 700750 750800850900950
Engine Speed [rpm]
En
gin
e 
To
rq
u
e 
[N
m
]
DIESEL ENGINE
 
 
800 1000 1200 1400 1600 1800 2000 2200 2400
0
100
200
300
400
500
600
700
800
Iso fuel rate [g/kWh]
max torque Curve [Nm]
Systematic development of series-hybrid bus through modelling 
 
 
-100- 
d) start-up acceleration: 0,3 m/s²  
The RESS was sized considering condition 1b) (pure electric mode on 
level gradient), according to the specified range and maximum current limits 
for the Li-ion battery.  
Conditions 2a) and 2b), respectively, identified the max tractive power 
and the max (starting) tractive effort for the propulsion system: therefore 
they completely defined characteristics for the ED. 
The sizing of the ICE could be evaluated with reference to the maximum 
power, i.e., the max power needed by the ICE, or the efficient power, i.e., 
the power at which the engine efficiency is highest.  
Due to the power management algorithms selected, the efficient power 
would also be the average useful power evaluated by considering the on-off 
strategy for the primary converter. In fact, the two different sizing criteria 
could be summarised as: 
• constant speed drive at 13.89 m/s, ICE always ON, fully loaded vehicle: 
the constant ICE power obtained is the maximum power required; 
• vehicle running the SORT1 cycle on level gradient with the ON/OFF 
strategy: when the vehicle is stationary or in ZEV mode the ICE is 
switched off. The ICE power was hence evaluated through the following 
energy balance equation: 
 = 
(2 − 0)
(1 − 0)
 
   (10.5) 
where, Peff is the efficient power generated from ICE during the ON-
state, Pavg is the average power requested from the propulsion. Emax and Emin 
represent the switch on-off limits (also indicated in Figure 10.7). The 
calculated power, Peff, could be termed as efficient power. 
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Figure 10.7: Meaning of the quantities used for describing ICE on-off strategy 
The main characteristics of the sizing are listed in Table 10.2. From the 
main results it was interesting to note that the size of the ICE needed 
reduced significantly from the one in the conventional bus. 
Table 10.2: Sizing of the considered hybrid buses 
 Bus Models 
Vivacity M Avancity L Avancity S 
Length 9 m 12 m 18 m 
Mass of bus (full load) 13.95 Mg 17,96 Mg 26.67 Mg 
Mass of bus (partial load) 11.3 Mg 14.3 Mg 21.1 Mg 
Auxiliaries 6 kW 9 kW 12 kW 
ICE maximum power 48 kW 61 kW 84 kW 
ICE efficient power 36 kW 48 kW 69 kW 
RESS Energy  31.1 kWh 38.9 kWh 51.8 kWh 
The authors did not have access to specific fuel consumption maps for 
smaller engines, and hence, to evaluate the fuel consumptions, programmed 
the model to downscale the existing BSFC maps. The engine was downsized 
with reference to the torque, keeping the same BSFC values as the bigger 
engine for the smaller, thus avoiding, the poor efficiency zones of the 
original engine. Fuel consumptions are summarised in Table 10.3, 
comparing performance of the hybrid buses to the conventional ones. This, 
however, was only an ad-hoc solution, but the authors are confident that the 
results obtained through this approach would also be similar. 
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Table 10.3: Fuel consumption of the hybridized and conventional buses 
 Bus Models 
Vivacity M Avancity L Avancity S 
Length 9 m 12 m 18 m 
HEV (full load) 
SORT1 cycle 
43.57 x 10-3 
m3/100km 
57.89 x 10-3 
m3/100km 
83,68 x 10-3 
m3/100km 
Conv.(full load) 
SORT1 cycle  
55.98 x 10-3 
m3/100km 
75.89 x 10-3 
m3/100km 
111.71 x 10-3 
m3/100km 
 
Figure 10.8: Simulation of the Series-Hybrid Avancity L bus model on SORT1 
cycle: power fluxes of the drive train 
Figure 10.8 shows the results of the simulation for the power fluxes 
(definitions of quantities in Figure 10.4) in the model for the Avancity L bus 
on the SORT1 cycle. It clearly shows the distribution of the power from the 
two sources. The RESS, ED, EGS, AUX power profiles are related by the 
following equation: 
() + () = () + () 
 (10.6) 
Similar such simulations were carried out for all the different bus models 
and on all the possible city driving cycles where the buses are finally 
targeted. Figure 10.9 and Figure 10.10 are related to the simulation on a real 
profile of urban cycle, measured by BMB during normal operation of buses 
in Bologna city. 
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Figure 10.9: Bologna city cycle: speed profile 
 
 
Figure 10.10: Simulation of the Series-Hybrid Avancity L bus model on 
Bologna city cycle: power fluxes of the drive train 
G. Result of the hybridization study 
The study presents the effort by the authors to develop a complete line of 
series-hybrid buses for the Italian manufacturer BMB to enhance their line 
of commercial buses. First, the existing buses were accurately modelled. 
The results of the simulation matched the results provided by the 
manufacturer of actual tests conducted on their buses. This gave the authors 
confidence in their modelling and they proceeded to model the series-hybrid 
models of the buses. These were then simulated for the different city cycles, 
and the different components of their hybrid propulsion systems were 
specifically sized and optimised.  
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The simulation results showed a significant reduction of over 20% in fuel 
consumption (22% without ON/OFF strategy; and 25% with the ON/OFF 
strategy) of the series-hybrid driveline compared to the conventional one, 
besides a reduction in the primary converter size. This confirms that series–
hybrid technology is well-suited to the variable load requirements of urban 
buses.  
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Chapter 11: Conclusions 
he thesis covers both the main areas of application in vehicles — 
starting-lighting-ignition (SLI) and traction for rechargeable 
batteries; focusing on lithium-based battery energy storage systems. 
A feasibility study of lithium-SLI batteries was presented, where the 
adaptability of different lithium chemistry batteries was evaluated for the 
SLI application, and only the lithium iron phosphate and lithium titanate 
chemistry based batteries were found suitable for the application. The study 
also determined the main stumbling block for adoption of these batteries to 
be the requirement of a battery management system designed for the ‘float’ 
operation that the SLI application requires; which further increases their 
high costs. However, if the lithium SLI batteries are adopted on a massive 
scale, it would lead to a reduction in their worldwide prices, and the 
batteries could then be cost-neutral, as they would not require to be changed 
over the lifetime of the vehicle. The most competitive SLI batteries for 
switching to the lithium option are those with larger capacities, which would 
result in greater weight and space savings, leading to reduced fuel 
consumption.  
An accurate electrical equivalent network model of a rechargeable 
lithium cell with thermal dependence was developed, and a procedure 
established to experimentally identify the model parameters. The cell 
capacity and temperature behaviour was taken into account in the model. 
The results of the simulation and detailed experimental tests were compared 
to improve the model by reducing the errors between the two. An open 
circuit voltage-SOC correlation curve was determined experimentally which 
was used to periodically correct the ampere-hour counting as a method of 
determining the SOC on-board a hybrid-electric vehicle. To overcome the 
T
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difficulties associated with using the coulomb counting method with OCV-
SOC curve correlation to estimate the SOC for the LFP chemistry, the 
model was also used along with an extended Kalman filter to estimate the 
SOC during runtime, with satisfactory results. The efficacy of the model 
was verified in extensive experimental tests made on NMC and LFP 
chemistry lithium cells. This model forms the core of the design of the 
battery energy storage system for future Volvo, Iveco and Daf buses and 
trucks. The model was also adopted by Mathworks for development into a 
model block for their Simscape toolbox, which shall be commercially 
included in the 2012b version of MATLAB.  
The rechargeable lithium cell model was developed into a battery model. 
This formed a key model in the design and development of the power-train 
of a fleet of series hybrid-electric passenger buses for Bredamenarinibus. 
The exercise included comparing the fuel consumption of the modelled and 
simulated power-train of the conventional (reference) buses, with actual bus 
trials on standardised cycles. The series hybrid-electric power-trains were 
then designed; the components of the power-train sized and the model 
simulated. The results indicate a significant reduction of 22 to 25% in fuel 
consumption, besides a substantial decrease in the primary converter size. 
Prototypes of these series hybrid-electric passenger buses with the 
component sizes determined are under now production, and shall be tested 
in various Italian cities before entering commercial production later. 
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APPENDIX: Some typical data of different lithium 
battery chemistries from different manufacturers. 
Manufacturer 
Cell voltage (V) 
Ah 
Cycle 
Life 
(deep) 
Max 
discharge 
current 
A 
Specific 
Energy 
Wh/kg 
Specific 
Power 
W/kg 
Self-
discharge Max Nom Min 
Lithium Cobalt Oxide (LCO) 
Sony (18650) 4.2 
3.6 (hard 
carbon) 
or  
3.7 
(graphite) 
2.5(hard 
carbon) 
or 
3.0 
(graphite) 
 500  160  10% per 
month 
Sanyo 39 48 52 33.6  30 85 79  42 50.4 57.4 10.8  120 78 743  
Lithium Manganese Oxide (LMO) or spinel 
Sony  3.0  1 500 0.024 100 7.2 1% per 
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annum 
Mitsubishi 
 3.75  95   102 1060  
 3.6  33   62 1440  
 3.6  24   45 1580  
 3.6  3   33 2000  
Graphite / Lithium Nickel Cobalt (NMC) 
Kokam  
4.2 3.7 2.7 8 >800 16 196 395 
No 
information 
available 
4.2 3.7 2.7 40 >800 200 158  
4.2 3.7 2.7 70 >800 350 152  
4.2 3.7 2.7 240 >800 480 178  
4.2 3.7 2.7 7.2 >800 144 118 2600 
EIG  4.15 3.65 3.0 20 1000 200 175 2300 
Samsung  4.2 3.7 2.75 20     
Graphite / Lithium Nickel Cobalt Aluminium (NCA) 
GAIA 
4.2 3.6 3.0 7.5 >1000 150 84 2340 
No 
information 
available 
4.2 3.6 3.0 27 >1000 270 99 1910 
4.2 3.6 3.0 45 >1000 450 108 2080 
4.2 3.6 3.0 55 >1000 110 132 1460 
LG  4.2 3.6 3.0 2.4 500 4.8   
Samsung  4.2 3.7 3.0 2.79     
Panasonic  4.2 3.6 3.0 3.3     
Sanyo  4.2 3.7 3.0 2.9     
Lishen 4.2 3.7 3.0 2.4     
Graphite / Lithium Iron Phosphate (LFP) 
A123  3.65 3.3 2.5 3.3 >1000 364 131 2400  
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3.65 3.3 2.5 4.5 >1000 167 71 2700 
No 
information 
available 
K2  3.65 3.2 2.5 2.6 >1000 42    
Hipower  
3.85 3.2 2.5 30 2000 90 83.5 417  
3.85 3.2 2.5 60 2000 180 94.1 471  
3.85 3.2 2.5 100 2000 300 100.9 404  
3.85 3.2 2.5 200 2000 600 100 500  
EIG  3.65 3.2 2.0 14 3000 280 120 2500  
 3.65 3.2 2.0 7 3000 210 95 3200  
Lishen  3.65 3.2 2.0 10.5      
GAIA  3.8 3.2 2.5 18 >1000 396 62 2120  3.8 3.2 2.5 38 >1000 570 84 1630  
Samsung  3.6 3.2 2.0 1.1      
Lithium Iron Magnesium Phosphate 
Valence  
14.6 12.8 10 40 2500 80 79  
No 
information 
available 
14.6 12.8 10 110 2500 150 89   
14.6 12.8 10 138 2500 150 91   
21.9 19.2 15 69 2500 120 89   
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Lithium Iron Yttrium Phosphate 
Thundersky  4.0 - 2.8 60 >3000 ≤180   
No 
information 
available 
Lithium Titanate (LTO) 
Toshiba   2.4  4.2 >6000 25.6   
No 
information 
available 
Altairnano 
1.5 (-
40°C 
to 
+30°C) 
2.0 
(30°C 
to 
55°C) 
2.25 
2.8 (-
40°C to 
+30°C) 
2.9 (30°C 
to 55°C) 
13 >16000 260 73 1675 
No 
information 
available 
Note: Data taken from the respective manufacturer’s websites and datasheets 
